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Abstract 
The Florida Keys experienced some of the most drastic transitions from coral to 
macroalgae dominated states, known as phase-or regime-shifts, of any reefs in the 
Caribbean. Macroalgae on coral reefs lower coral recruitment by deterring coral 
settlement either directly through competition or indirectly by changing the chemical 
environment near the benthos. With evidence of species-specific interactions to coral-
macroalgae competition, the type of macroalgae on a phase-shifted coral reef might be 
more important than just identifying a reef transition. To answer this question, I tested the 
effect of Laurencia intricata (a macroalgae related to the settlement inducing crustose 
coralline algae) and Dictyotaceae (known for its toxic or allelopathic compounds) on 
Porites astreoides planulae behavior, settlement and choice settlement preference, and 
post-settlement survival. I found that P. astreoides planulae show a positive response to 
chemical cues released from L. intricata, crustose coralline algae, and species in the 
Dictyotaceae family. However, the positive chemical cue response becomes algal-
specific as larvae start probing for settlement substrate. Providing P. astreoides larvae 
with a choice between settlement substrates, revealed that the algal structure caused 
higher settlement next to L. intricata, while Dictyotaceae deterred larval settlement. It 
may be beneficial for larvae to settle next to L. intricata over Dictyotaceae algae. I 
identified that post-settlement survival was enhanced when P. astreoides larvae settled 
next to L. intricata while Dictyotaceae species did not enhance or deter post-settlement 
survival. These results indicate that coral larvae may be responding differently to a 
variety of chemical cues. Any chemical or physical cue from a reef may be used by coral 
larvae to identify and locate settlement substrate on a reef. Once they identify a reef’s 
location, they express a more selective behavior during settlement by avoiding 
Dictyotaceae macroalgae and favoring L. intricata. This suggests that the composition of 
a phase-shifted reef matters to coral recovery, not only that it has shifted to a dominated 
macroalgal state. 
KEYWORDS: Coral-algae interaction, Larval behavior, Settlement cues, Laurencia 
intricata, Dictyopteris, Dictyota 
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Chapter 1: Introduction 
1.1 Coral Reef Importance and Phase-shift 
Coral reefs are often considered the rainforest of the sea, supporting over a third 
of known marine species (242,743) (WoRMS Editorial Board 2016) while occupying 
only 0.2% of the ocean (Costanza et al. 1997). The intricate, three-dimensional landscape 
of coral reefs promote elaborate adaptation and diverse species richness. Estimates 
suggest at least a million species occupy coral reefs and with 90% of marine species 
remaining undiscovered this number is likely much higher (Reaka-Kudla 2001). The 
organisms on coral reefs are a source for anti-cancer and anti-pain compounds and may 
serve as a rich source for potential life-saving drugs (Bruckner 2002).  Coral reefs are an 
invaluable source of protein, shield thousands of kilometers of coastlines from wave 
erosion, thus protecting lagoon, seagrass, and mangrove habitats, and provide numerous 
recreational activities (Costanza et al. 1997, Moberg and Folke 1999; Johnson and 
Marshall 2007). Globally, coral reefs provide an estimated $30 billion of net benefits in 
goods and services to the world economy (Cesar et al. 2003).  
With tens of millions of people depending on protein and natural resources from 
coral reefs, it often leads to their exploitation especially in heavily populated and under 
regulated areas (Cesar et al. 2003). In recent decades, coral reefs experienced some of the 
highest ecological declines observed among marine ecosystems worldwide (Halpern et 
al. 2008; Schutte et al. 2010).  The Caribbean basin has experienced some of the most 
drastic changes in scleractinian coral cover, with average cover being reduced by 80% 
(Gardner et al. 2003; Bellwood et al. 2004). Future projections predict this decline will 
likely continue as sea surface temperatures rise, causing additional stress to corals and 
triggering massive bleaching (McWilliams et al. 2005; Hoegh-Guldberg et al. 2007) 
where their symbiotic algae Symbiodinium is expelled (Brown 1996). Other factors 
contributing to coral reef degradation include natural disasters (i.e. hurricanes) (Rogers 
and Miller 2006) and anthropogenic stressors (Richmond 1993; McWilliams et al. 2005) 
(i.e. habitat destruction, nutrient loading, and sedimentation). Coral reef degradation 
often leads to a transition to a macroalgal-dominated state (Hughes 1994; Graham et al. 
2015) making coral recovery difficult. This transition is known as phase- (Done 1992; 
Hughes 1994) or regime-shift (Scheffer and Carpenter 2003) with extensive algal 
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colonization likely (Dudgeon et al. 2010). Other phase-shifts can occur to soft coral, 
sponge, or corallimorpharian, but macroalgal phase-shifts are the most common and 
detrimental to the ecosystem (Norström et al. 2009).  
1.2 Causes of Phase-shift  
Macroalgal phase-shifts are often caused by anthropogenic activities that alter 
top-down (herbivory) and bottom-up (nutrient) controls, ultimately impacting an 
ecosystem’s community structure (Dudgeon et al. 2010).  Anthropogenic activities such 
as reduced herbivory from overfishing and increased nutrient input from coastal 
urbanization are the main triggers that cause coral reefs to transition to a macroalgal 
dominated state (Folke et al. 2004). Overfishing in the 1970’s reduced the number of 
competitors and predators of the sea urchin, Diadema antillarum, allowing them to reach 
extremely high densities (Hughes 1994). The abundant D. antillarum population 
controlled macroalgae cover and compensated for the loss of fish herbivores until a mass 
die-off in 1983 decreased the sea urchin population by 95% (Lessios et al. 1984; Hughes 
1994). Reduced grazing on reefs resulted in unchecked algal growth, leading to a shift 
from coral to algal dominated reefs (Hughes 1994).  Eutrophication from increased 
nutrient input prompts algal growth, while simultaneously reducing coral growth through 
physiological stress, and increases the chances of a coral reef entering a phase-shift 
(Littler et al. 2006). Over the past few decades, anthropogenic activities reduced grazing 
pressure and eutrophication continue to enhance macroalgal overgrowth making coral 
reef recovery unlikely (Done 1992; Crosset et al. 2004; Hughes 1994). 
Herbivory and nutrient concentrations vary among coral reefs and affect the reef’s 
susceptibility to changes in top-down and bottom-up controls differently (Graham et al. 
2015). For this reason, on some reefs herbivory has a higher impact on macroalgae 
abundance than nutrient input (McCook 1999; Bellwood et al. 2004; Mumby and Steneck 
2008), while on other reefs, nutrient input has a higher impact on macroalgae abundance 
(Lapointe et al. 2004; Bell et al. 2014). Species of macroalgae also vary in abundance 
among reefs (Schutte et al. 2010) and experience species-specific herbivory and species-
specific response to eutrophication (McClanahan et al. 2003; Fong 2015), further 
complicating the impact of top-down and bottom-up controls. 
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Other factors that influence the susceptibility of a coral reef entering a macroalgal 
phase-shift include rugosity and depth, as well as larval availability (Chong-Seng et al. 
2014) and juvenile coral density (Graham et al. 2015). Structural complexity is a major 
contributor to reef diversity and productivity (Graham and Nash 2013). Higher 
complexity corresponds to increased fish biomass and a healthier, more resilient 
ecosystem (Rogers et al. 2014). Higher fish grazing leads to elevated coral recruitment as 
they have more substrate (Mumby et al. 2007) with settlement facilitator, crustose 
coralline algae (CCA) (Belliveau and Paul 2002). Deeper reefs are less likely than 
shallow reefs to undergo a phase-shift due to limited light penetration and algal growth 
(McCook 1999). Shallower reefs also have a greater risk of recurrent coral bleaching and 
storm damage, increasing the probability of coral reef degradation (Bridge et al. 2013). 
Reef depth experience a variability in nutrient concentrations (Lapointe 1997). Shallower 
reefs are exposed to elevated nutrients more than deeper reefs (Bridge et al. 2013) and 
higher nutrient levels reduce the abundance of CCA, limiting coral settlement substrate 
and recruitment (Hunte and Wittenberg 1992). Reduced coral recruitment can increase 
the chances of macroalgal phase-shift (Graham et al. 2015), which can even be prevented 
if recruitment is high enough to replenish colonies lost to mortality events (Gilmour et al. 
2013). Factoring in spatial variation in herbivory (Hay et al. 1983) and nutrient 
concentration (Fong et al. 2001) among reefs, anthropogenic activities affect reefs 
differently, making it difficult to identify a single factor as the main contributor. 
The simple definition of a phase-shift is a taxon that is more numerous or 
dominant than its competitors (Norström et al. 2009). What constitutes a dominant 
population is rarely defined in scientific literature (Rogers and Miller 2006) and 
contributes to the misperception on the causes, severity, and generalization of macroalgal 
phase-shifts (Bruno et al. 2009). Traditional examples of phase-shift include a case in 
Discovery Bay, Jamaica where macroalgal cover was >50% and coral cover was <10% 
(Dudgeon et al. 2010), but such a high percentage of macroalgal cover (only 5.2% of 
Caribbean reefs) is rarely observed on reefs (Bruno et al. 2009; Schutte et al. 2010). The 
entire Caribbean reef basin averages only 15% macroalgal cover (Dudgeon et al. 2010) 
and nearly half (48.9%) of the coral reefs experience higher macroalgal cover than coral 
cover (Schutte et al. 2010). Once a reef has entered a regime-shift, the effects may be 
permanent. Higher macroalgal abundance threatens adult corals and reduces coral 
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recruitment, which allows macroalgae to proliferate further, and creates a positive 
feedback loop that encourages regime-shift persistence (Hughes 1994; Mumby et al. 
2007; Hughes et al. 2010; Bonaldo and Hay 2014). There are only a few case studies of 
macroalgal phase-shift showing signs of reverting back to a coral dominated state (Myhre 
and Acevedo-Gutierrez 2007; Stimson and Conklin 2008; Hughes et al. 2010), but a 
complete transformation from a macroalgal to a coral dominated ecosystem has yet to be 
documented (Rogers and Miller 2006).   
1.3 Macroalgae Abundance and Reproduction 
Throughout the Caribbean region, the Florida Keys’ reef tract experiences some 
of the highest transitions from a coral to macroalgae-dominated state (Schutte et al. 
2010). Since the 1970s, coral cover has decreased by 75% (Alevizon and Porter 2015), 
while macroalgal cover increased by 68% (Lapointe et al. 2005; Maliao et al. 2008) a 
change attributed to increased nutrient input (Lapointe et al. 2005) and over-fishing 
(Bohnsack et al. 1994). The ability of macroalgae to dominate reef habitat derives from 
their complex and unique life histories. Their alternation of generations reproductive 
strategy between haploid and diploid phases allows for the exploitation of different 
niches during their various life stages, therefore improving survival (Santelices 2004). 
Another successful reproductive strategy is asexual propagation, such as vegetative 
fragmentation, enabling them to rapidly expand into new habitats with more favorable 
conditions (Cecere et al. 2011). Macroalgae species exhibit different rates and patterns of 
vegetative growth and asexual propagation, increasing their capability to colonize and 
occupy substrate (Santelices 2004). Asexual propagation is highly effective at increasing 
macroalgal abundance (Herren et al. 2013) and distribution on reefs (Yniguez et al. 
2015).  
The rate of space preemption by macroalgae is not only dependent upon species 
and asexual propagation, but also environmental conditions, e.g. light, nutrients, currents, 
seasonality (Santelices 2004; Yniguez et al. 2010). Environmental conditions and 
disturbances also change macroalgae morphology improving their ability to adapt to 
changing environments (Yniguez et al. 2010).  Many macroalgae species experience 
seasonal fluctuations in abundance (Jompa and McCook 2003). For example, macroalgal 
fragment reattachment rates can decrease during the winter months due to high-current 
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velocity thus reducing abundance (Kilar and McLachlan 1986). South Florida’s warm, 
summer water temperature can weaken macroalgal thalli and enhance fragmentation 
(Kilar and McLachlan 1986), while increased nutrient run-off from late-summer rains 
improves fragment survival (Lapointe et al. 1992). Seasonal fluctuation of macroalgal 
abundance and fragmentation rates can alleviate stress to adult coral colonies during 
population lows, unlike perennial macroalgae where there is constant stress to the adult 
colony (Jompa and McCook 2003). Any increase in macroalgal abundance on coral reefs 
is detrimental to corals by physically (Edmunds and Carpenter 2001), chemically (Rasher 
et al. 2011), and physiologically (Morrow et al. 2011) affecting adult coral health and 
simultaneously decreasing coral recruitment.   
1.4 Impacts of Macroalgae 
         1.4.1 Impacts on Adult Corals 
Macroalgal structure can physically impact coral health through abrasion and 
shading (Coyer et al. 1993; Edmunds and Carpenter 2001; River and Edmunds 2001; Box 
and Mumby 2007) and chemically influence coral health by releasing allelopathic 
compounds (Rasher and Hay 2010; Rasher et al. 2011). However, this is dependent upon 
macroalgae structure and morphology (Rasher et al. 2011; Bonaldo and Hay 2014) and 
the type of chemical compounds released (Rasher and Hay 2014), with some species less 
hazardous than others. Morphology also affects water motion (River and Edmunds 2001) 
and reduces flow regimes around adult colonies (Duggins et al. 1990), limiting 
heterotrophic feeding success on particulate matter (Sebens and Johnson 1991; Morrow 
and Carpenter 2008).  Additionally, reduced flow regimes can increase sedimentation 
rates (Carpenter and Williams 1993), which prevent regrowth of damaged tissue and 
increase coral stress (Nugues and Roberts 2003).  
Corals physically damaged by macroalgae only partly explain the negative 
impacts associated with phase-shift. Much of the damage to the coral colonies can be 
attributed to allelopathic compounds released by some macroalgae species (Rasher and 
Hay 2010; Rasher et al. 2011). Allelopathic compounds influence growth, survival, 
and/or reproduction in corals (Rasher et al. 2011). These compounds are found in every 
aquatic environment and are released not only by macroalgae, but by cyanobacteria, 
microalgae, and angiosperms (Gross 2003). While positive growth stimulation by 
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allelopathic compounds can occur (Mohamad 2002), most of these compounds deter or 
inhibit epiphytic organismal overgrowth, which reduces shading. Macroalgae releases 
different chemical compounds when exposed to different stressors (Rasher and Hay 
2014). Macroalgae discharges allelopathic compounds when subjected to increased 
abiotic and biotic stressors (Gross 2003) and in response to increased herbivory (Karban 
et al. 1997). On the other hand, the competition for space between macroalgae and corals 
triggers the release of allelopathic compounds (Gross 2003) that are targeted to decrease 
coral health rather than deterring herbivory (Rasher and Hay 2014).  
Allelopathic compounds weaken coral health by damaging tissue (Rasher and Hay 
2010), decrease photosynthesis, cause bleaching (Barott et al. 2009; Rasher and Hay 
2010; Rasher et al. 2011 Shearer et al. 2012), trigger tissue necrosis (Shearer et al. 2012; 
Bonaldo and Hay 2014), and reduce fecundity and larval survival in corals (Birrell et al. 
2008b). These compounds affect coral-associated microbe abundance and concentration 
(Morrow et al. 2011) and alter gene expression in corals and the symbiotic algae living 
within the coral tissue, Symbiodinium (Shearer et al. 2014). Alteration in signal 
transduction can lead to an imbalance between reactive oxidant species production and 
antioxidant capabilities within the coral holobiont. An imbalance in oxidative regulation 
can lead to protein damage and tissue apoptosis and/or necrosis (Shearer et al. 2012). 
Coral and Symbiodinium gene expression are influenced by species-specific interaction 
with the allelopathic compounds released from macroalgae, further adding to the 
complexity of their impact (Shearer et al. 2014). In more resilient coral species, their 
immune response genes are initiated rapidly when exposed to macroalgae, making the 
coral more equipped to handle microbial fluctuations caused by allelopathic compounds 
(Shearer et al. 2014) and disease-causing pathogens living within macroalgae (Sweet et 
al. 2013).  
Furthermore, allelopathic compounds may alter coral physiology and decrease 
coral health by changing microbe abundance and diversity within the coral (Ritchie 2006; 
Smith et al. 2006; Morrow et al. 2011; Morrow et al. 2012). Under normal conditions, 
corals can regulate associated microbes though the release of antimicrobial compounds 
and enzymes (Krediet et al. 2013). Little is known about the relationship coral-associated 
microbes have with coral physiology, but it is believed to enhance coral pathogen 
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resistance, nutrient acquisition, and overall health (Krediet et al. 2013). An unregulated 
increase in coral-associated microbes can lead to the development of hypoxic areas and 
the accumulation of toxins (e.g., secondary metabolites) (Segel and Ducklow 1982; Smith 
et al. 2006; Barott et al. 2009). Exudates released by algae cause hypoxic areas to 
develop at the coral-macroalgal interface, leading to hypoxia-induced coral stress from 
the microbes consuming organic matter, which increases oxygen demand (Barott et al. 
2009; Gregg et al. 2013; Haas et al. 2013). Eventually, weakened coral health can lead to 
microbial predation on coral tissue and triggering necrosis (Segel and Ducklow 1982; 
Smith et al. 2006; Barott et al. 2009). Allelopathic compounds also reduce beneficial 
microbe abundance, thus decreasing the ability of the coral to defend against invasive 
microbes. Coral-associated microbes release helpful antibiotics that aid in the battle 
against invasive microbes (Ritchie 2006). Additionally, when coral health is weakened, 
some macroalgal species serve as a source for coral disease, increasing the risk of 
infection. Several species of bacteria inhabiting the surface of macroalgae are associated 
to some bacteria found in coral disease (Sweet et al. 2013).  
1.4.2 The Effect of macroalgae on Coral Recruitment 
The persistence of phase-shift on coral reefs is credited to macroalgae having a 
negative effect on coral larvae recruitment (Kuffner et al. 2006). Coral sexual 
reproduction occurs annually, seasonally, or monthly in synchronous events, producing 
motile coral larvae (i.e., planulae) that eventually settle and metamorphose into a newly 
settled coral polyp (Richmond and Hunter 1990). The seasonality of coral reproduction 
also coincides with seasonal increase in several macroalgae species, leading to even 
higher inhibition of coral recruitment (Yniguez et al. 2015).  The cause of the low coral 
recruitment can be attributed to either higher larval-mortality or low settlement due to 
macroalgal presence (Chong-Seng et al. 2014), therefore reducing the chances of phase-
shift recovery (Graham et al. 2015).  
The presence of macroalgae deters coral settlement either directly through 
competition (Tanner 1995) or indirectly by changing the chemical environment near the 
benthos (McCook et al. 2001). Coral larvae use complex physical and chemical cues to 
explore the water column and identify appropriate substrate for settlement and 
metamorphosis (Morse and Morse 1996). Physical cues are used to identify surface 
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microtopography of the substrate (Whalan et al. 2015). Larvae sense pressure depth 
(Raimondi and Morse 2000; Stake et al. 2003), irradiance levels (Mundy and Babcock 
1998), salinity levels (Vermeij et al. 2006), respond to reef sounds (Vermeij et al. 2009), 
and are attracted to specific colors (Mason et al. 2011; Strader et al. 2015) to locate 
suitable substrate. Coral larvae respond to chemical cues that signal suitable substrate; for 
example, cues released from several species of CCA enhance larval settlement and 
trigger metamorphosis (Morse and Morse 1991). Macroalgal thalli physically prevent 
larvae from reaching the substrate (Tanner 1995) and chemically deter planulae through 
the release of allelopathic compounds (Kuffner et al. 2006; Birrell et al. 2008b), which 
change the benthic chemical cues.   
Macroalgae increases mortality of recently settled coral polyps through physical 
abrasion and the chemical release of allelopathic compounds. Macroalgae affects the 
microbes on the surface of CCA, similar to the way it alters the coral-associated microbes 
inhabiting corals (Sneed et al. 2015). Some bacterial species isolated from the surface of 
CCA induce coral larvae settlement and play an important role in coral recruitment 
(Tebben et al. 2011). Halimeda opuntia and Dictyota sp. can shift the bacteria 
community associated with CCA, possibly affecting strains associated with inducing 
larval settlement (Sneed et al. 2015). Allelopathic compounds released by the Caribbean 
macroalgae species Dictyota menstualis (Kuffner et al. 2006), Dictyota pinnatifida, 
Dictyota pulchella (Kuffner et al. 2006; Paul et al. 2011) and Lobophora variegata 
(Kuffner et al. 2006) trigger planulae avoidance, thus reducing settlement. Planulae that 
settle next to macroalgae experience higher mortality through shading and abrasion 
(Tanner 1995; Box and Mumby 2007).  Planulae may have evolved to recognize these 
harmful compounds, leading to an avoidance behavior. They can distinguish between a 
healthy and a macroalgae dominated reef (Birrell et al. 2008b), which may help explain 
why less planulae settle around specific algal species and why phase-shifted reefs 
experience lower coral recruitment (Chong-Seng et al. 2014). Phase-shift may reduce the 
abundance of settlement inducing compounds and increase the amount of allelopathic 
compounds, which ultimately contribute to macroalgal resilience on coral reefs. 
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1.5 Florida’s Reefs 
The Florida Reef Tract experienced coral decline as high as 43.9% in survey areas 
with 13.2% macroalgae coverage between 1984 to 1991 (Porter and Meier 1992).  The 
northern part of the reef tract experiences seasonal changes in the macroalgal 
communities. From January to July, macroalgae shows growth when both light and 
temperature are more favorable. Maximum coverage reached 56.7% in July and dense 
algal mats covered many corals (Lirman and Biber 2000). During peak cover, more than 
50% of coral colonies had their basal perimeter in contact with macroalgae (Lirman and 
Biber 2000). The high level of contact between corals and macroalgae in the Florida Reef 
Tract leads to decreased coral survival and growth (Lirman 2001). 
 In the northern section of the 
Florida Reef Tract, Broward County, 
corals are at the northern limit of their 
range and are rarely the dominant reef 
species. Reef communities typically 
consist of Caribbean fauna, but vary in 
composition and density. Here, 
macroalgae can be seen occupying over 
half the benthic area (Moyer et al. 2003), 
representing a phase-shifted reef 
ecosystem. The two dominant genera observed on the Florida Reef Tract are Halimeda 
and Dictyota. During the summer, Dictyota spp. occupy up to 40% of the reef bottom and 
exhibits rapid growth and space occupation. Stypopodium zonalae, another macroalgae 
species, shows rapid growth and during blooms, occupies up to 25% of the reef bottom 
(Lirman and Biber 2000). Another common macroalgae observed in the Florida Reef 
Tract is Laurencia spp. The act of asexual fragmentation allows Laurencia spp. to 
become a dominant organism, especially in shallow habitats and under calm conditions. 
Laurencia spp. has a high fragmentation and reattachment rate, low rate of dispersal, and 
high post-reattachment survival (Herren et al. 2013). Laurencia spp. coverage was 
observed as high as 52% off Broward County. On occasion, average Laurencia spp. 
cover can fluctuate (0 to over 8%) between the nearshore hard-bottom of the Port 
Everglades inlet to the Miami-Dade County Line (Stacy Prekel, unpublished) (Fig. 1). 
Table 1. Laurencia sp. survey transects dates 
from Port Everglades inlet to Dade County line 
Month 2005 2006 2007 2008 2009 2011 
January   X    
February X X X  X X 
March  X     
April  X X    
May  X X X   
June  X X    
July  X X    
August X X X X   
September  X     
October  X     
November  X     
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The Florida Reef Tract has a variety 
of coral species such as Diploria 
strigosa, Porites astreoides, 
Orbicella annularis, Montastraea 
cavernosa, and Siderastrea siderea 
(Moyer et al. 2003). The coexistence 
of corals and high macroalgal cover 
highlights the importance of 
identifying the effect phase-shift has 
on coral planulae. 
 Laurencia spp. cover was 
measured along 12 transects between the Port Everglades inlet and the Miami-Dade 
County line. These same transects were monitored during various months from 2005 to 
2011 (Table 1), and the average coverage of all transects was 2.73% ± 0.01 SE. 
Laurencia spp. average cover per transect varied from 0.3% to 7.5% (Fig. 1) with no 
observable trends between transects. It should also be noted that all transects experienced 
some Laurencia spp. coverage during observations.  Analyzing Laurencia spp. cover by 
month identifies seasonal fluctuations in percent coverage among the twelve transects 
(Fig. 2). There was a noticeable 
increase in coverage during the 
summer months and a decrease 
during the winter months (Stacy 
Prekel, unpublished). Many 
macroalgae species experience 
seasonal increase and decrease in 
abundance, affecting the spatial 
spread of benthic organisms 
(Yniguez et al. 2015). The average 
cover of Laurencia spp. in 
February was almost 3% and 
continued to rise during spring. The peak percent coverage occurred in May (6%) (Stacy 
Prekel, unpublished) where a significant decrease (F (10,282) =3.220, p<0.0001) 
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Figure 1.  Average Laurencia spp. cover in twelve 
latitudinal transects off Broward County from 2005-
2011. (From Port Everglades to Miami-Dade County 
line) (n=24 surveys per site. Table 1). Transects were 
conducted within 30m nearshore on hardbottom edge 
(Stacy Prekel, unpublished). Error bars represent 
standard error. Data was not collected in 2010. 
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Figure 2.  Average Laurencia spp. coverage of twelve 
transects collected from Port Everglades inlet to Dade 
County line from 2005-2011 divided by month (Stacy 
Prekel, unpublished). Error bars represent standard error.  
Data was not collected in the month of December or in the 
year 2010. 
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occurred during the months of August (1%), September (0.25%), and October (0.4%) 
when analyzed in a one-way ANOVA. From September to January, average Laurencia 
spp. coverage remained the same, never exceeding 1% cover. December was the only 
month that data collection did not occur over the six-year period (Stacy Prekel, 
unpublished). Overall macroalgal biomass and percent coverage increased from January 
to July, with a maximum cover greater than 50% and a minimum cover around 25% 
(Lirman and Biber 2000). Seasonal increases in macroalgal cover occur concurrently with 
the release of brooding coral P. astreoides (Chornesky and Peters 1987), signifying the 
highest chance of interaction between these seasonally variable macroalgae species and 
the brooding coral planulae.   
1.6 Porites astreoides Reproduction 
Porites astreoides is a hermaphroditic coral that release their larvae around the 
new moon between April and June with a peak in May (Chornesky and Peter 1987; 
McGuire 1998; Kuffner et al. 2006). Brooding corals fertilize their eggs internally and 
release fully viable competent planulae (Chornesky and Peters 1987). Planula release is 
associated with the lunar phase, with planulation occurring several days before and after 
the new moon, depending on water temperature (McGuire 1998). Porites astreoides are 
one of the most abundant coral on South Florida reefs (Chiappone and Sullivan 1996) as 
they have relatively high fecundity (Chornesky and Peters 1987; McGuire 1998), settle in 
high densities (Bak and Engel 1979) and planula settlement can occur within a few hours 
after release (Fadlallah 1983). The rapid growth rate and vigor aided in the increase of P. 
astreoides reef abundance over the past thirty years despite the overall decline in coral 
cover (Green et al. 2008). 
1.7 Larval Chemoreception 
Marine invertebrate larvae use sensory cells for chemoreception and for 
processing external metamorphic cues. In many marine invertebrates, the G-protein-
coupled receptors (GPCR) facilitate metamorphosis by binding to specific cues in the 
environment and activating signal transduction pathways inside cells (Gerhart 1999). 
However, not all marine invertebrate metamorphosis is triggered by GPCR pathway. The 
coral Montipora capitata and Pocillopora damicornis larval metamorphosis were not 
triggered by this pathway (Tran and Hartfield 2012), but may be a factor in other coral 
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species due to differing receptors and signal pathways among species (Morse et al. 1988). 
Another difference between the larvae of coral species is sensory cell location. Most 
chemoreception for larval settlement is located on the aboral end of cnidarians 
(Vandermeulen 1975), however different coral species exhibit variation in the location of 
these sensory cells within the aboral end. Montipora capitata substratum sensory 
detection is located on the first quarter of the aboral end while P. damicornis is located 
on the second quarter (Tran and Hartfield 2013). Sensory receptor type and location most 
likely play an important role in why some corals have different responses to specific 
settlement cues, such as biofilms and crustose coralline algae (CCA).  
 Biofilms are defined as “matrix-enclosed bacterial populations’ adherent to each 
other and/or to surface or interfaces” (Costerton et al. 1995). They provide a stable 
structure for bacteria to aggregate and function as a community (Costerton et al. 1995). 
Biofilm is a common settlement cue and substrate for many marine invertebrates 
(Hadfield 2011), and facilitates adhesion of larvae in the process of settling and 
development into juveniles (Zardus et al. 2008). Coral larvae use biofilm and their 
associated chemical compounds to identify appropriate substrate to settle upon (Sneed et 
al. 2014). Older and more seasoned biofilm increases coral settlement (Webster et al. 
2004). Specific strains of bacteria associated with biofilms also enhance larval settlement, 
such as Roseivivax sp., an abundant bacterial group found in the ocean (Sharp et al. 
2015). Biofilm densities formed by different bacteria influences coral settlement (Tran 
and Hadfield 2012).  
Furthermore, corals are not exclusively attracted to biofilm to identify appropriate 
substrate; it is most likely a combination of biofilm and CCA. CCA enhances settlement 
and induces metamorphosis in many coral species (Morse and Morse 1991; Harrington et 
al. 2004; Kitamura et al. 2007; Ritson-Williams et al. 2009; Price 2010) such as Agaricia 
humilis (Morse and Morse 1991) and Acropora palmata (Ritson-Williams et al. 2009). 
Coral larvae increase settlement in response to chemical extracts from certain species of 
CCA (Harrington et al. 2004; Ritson-Williams et al. 2009). The exact source of these 
chemical cues has not been identified, however some studies claim it is the bacteria 
associated with CCA (Johnson and Sutton 1994; Negri et al. 2001) while others identified 
the CCA tissue as the source (Tebben et al. 2015).  Unlike allelopathic compounds 
released by macroalgae, CCA compounds do not cause hypoxic areas or alter coral-
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associated microbes within the coral colony, giving CCA the dual benefit of enhancing 
settlement and not influencing survival (Barott et al. 2009; Gregg et al. 2013). However, 
not all CCA species enhance settlement and induce metamorphosis; some species are 
non-inductive and deter settlement (Morse and Morse 1996; Harrington et al. 2004) and 
eventually decrease post-settlement survival by shedding their surface cell layers to 
remove newly settled corals (Harrington et al. 2004). Additionally, different species of 
CCA trigger various levels of larval settlement in a variety of coral species (Harrington et 
al. 2004; Ritson-Williams et al. 2014). 
1.8 Settlement Induction Compounds 
Compounds inducing settlement and metamorphosis were identified in both 
biofilm and CCA. Two compounds, 11-deoxyfistularin-3 (bromotyrosine derivative) and 
carotenoid fucoxanthinol, isolated from coral rubble with CCA were found to increase 
coral larvae settlement and induce metamorphosis. Separately, these compounds enhance 
settlement and metamorphosis, but together their response has a synergistic effect on 
settlement and metamorphosis (Kitamura et al. 2007). Another compound, luminaolide, 
was isolated from CCA Hydrolithon reinboldii and enhanced coral planulae settlement 
and metamorphosis (Kitamura et al. 2009). Researchers have also isolated the compound 
tetrabromopyrrole (which acts as a metamorphic cue for coral larvae), from bacteria on 
the surface of the CCA, Neogoniolithon fosliei and Hydrolithon onkodes (Tebben et al. 
2011), and from bacteria in a natural biofilm collected off coral reefs (Sneed et al. 2014). 
1.9 Laurencia and CCA similarities  
Compounds isolated from CCA and Laurencia are both water soluble and stable 
for approximately 12 months (Boettcher and Targett 1996). Laurencia (Mianmanus 
1988) and CCA (Morse and Morse 1984) are both Rhodophytes possessing 
phycobiliproteins, which are red pigment proteins used during photosynthesis (Duysens 
1952). Phycobiliproteins extracted from CCA elicit settlement and help initiate 
metamorphosis in marine invertebrates, such as the abalone Haliotis rufescens (Morse et 
al. 1979; Morse and Morse 1984). When Strombus gigas larvae are exposed to 
phycobiliproteins that are isolated from Laurencia obtusa, the larvae initiate 
metamorphosis earlier, but this does not lead to an overall increase in metamorphosis. 
The sea hare Aplysia brasiliana showed similar results when introduced to 
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phycobiliproteins; metamorphosis was initiated but did not reach completion 
(Mianmanus 1988).  
Laurencia sp. enhances settlement and induces metamorphosis in a variety of 
marine invertebrates and several of these invertebrates respond to CCA as well 
(Boettcher and Targett 1996).  Laurencia obtusa, L. papillosa, and L. poitei increase 
settlement and induce metamorphosis in A. brasiliana (Mianmanus 1988) and S. gigas 
(Mianmanus 1988; Davis 1994; Boettcher and Targett 1996). Strombus gigas also 
increases settlement and metamorphosis in the presence of CCA (Boettcher and Targett 
1996). Various Laurencia spp. enhance larval settlement (Hernkind and Butler 1986; 
Butler et al. 1997) and metamorphosis (Hernkind and Butler 1986; Butler and Hernkind 
1991; Butler et al. 1997) in the spiny lobster Panuliris argus. Some of these compounds 
isolated form Laurencia sp. trigger metamorphosis earlier in P. argus larvae than they 
would have in their absence (Goldstein and Butler 2009). Laurencia spp. also induces 
metamorphosis in echinoderms and mollusks (Boettcher and Targett 1998).  The sea 
urchin, Strongylocentrotus droebachiensis, also responds to both CCA (Pearce and 
Scheibling 1990) and Laurencia sp. (Pearce and Scheibling 1994).  
Considering that several marine invertebrates respond to Laurencia and CCA as a 
settlement enhancer, may indicate that they are releasing the same or similar chemical 
cues. However, this does not mean that all marine invertebrates use the same chemical 
compounds to induce larval settlement and metamorphosis. The CCA compounds that 
induce metamorphosis in gastropod larvae are different from those that induce Agaricia 
metamorphosis (Morse et al. 1988). The neurotransmitter, y-aminobutyric acid (GABA), 
is found in high concentrations in CCA species (Morse et al. 1979) and is a potent 
settlement and metamorphosis inducer for marine invertebrate larvae (Morse et al. 1979; 
Morse and Morse 1984). The H. rufescens (Morse et al. 1979) and S. droebachiensis 
(Pearce and Scheibling 1990) displayed a higher proportion of metamorphosis when 
exposed to GABA.  Other invertebrates, such as S. gigas (Boettcher and Targett 1998) 
and A. brasiliana (Mianmanus 1988), also responded to GABA, but not as highly as 
when they were exposed to Laurencia. Alternatively, the coral larvae Agaricia spp. did 
not respond to GABA (Morse et al. 1988). Taken together, these two rhodophytes 
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probably release a variety of similar compounds that are species specific settlement cues 
for marine invertebrates.   
Furthermore, coral larvae show a species-specific response to allelopathic 
compounds (Rasher et al. 2011). Coral larvae use chemoreception to identify allelopathic 
compounds from macroalgae and avoid settling (Kuffner et al. 2006). The variety of 
allelopathic compounds released may be greater than settlement inducers and 
metamorphosis cues found on the reef. Many of these compounds are polyphenolics, 
halogenated, phenols, and terpenoids and are used for anti-herbivory and defense 
mechanisms (Harlin and Rice 1987). The brown alga family Dictyotaceae shows a 
consistent trend in decreasing coral recruitment. This family is a unique order that is 
phylogenetically distinct from other brown algae families and includes the genus 
Dictyota, Lobophora, Dictyopteris, and Padina (Lee and Bae, 2002). The genus Dictyota 
spp. (Kuffner et al. 2006; Box and Mumby 2007; Diaz-Pulido et al. 2010; Paul et al. 
2011; Olsen et al. 2015), Lobophora sp. (Kuffner et al. 2006; Box and Mumby 2007; 
Diaz-Pulido et al. 2010; Vieira et al. 2016), and Padina sp. (Birrell et al. 2008b) deter 
settlement and decrease survival in several coral species. The genus Dictyopteris and its 
effect on coral recruitment has not been studied, but Dictyopteris delicatula releases 
chemical compounds to deter herbivory and epiphytic growth similar to other 
Dictyotaceae species (Hay et al. 1988). This indicates a high probability that Dictyopteris 
will deter coral larval settlement and decrease survival.  
1.10 Laurencia and Coral Larvae Settlement 
The effect of Laurencia on coral settlement was only analyzed on the Pacific 
coral Platygyra daedalea (Diaz-Pulido et al. 2010). This study identified that Laurencia 
intricata, fleshy algae, and a plastic mimic all inhibited larval settlement, indicating that 
structure is deterring settlement, rather than the chemical cues from L. intricata (Diaz-
Pulido et al. 2010). However, not all coral species respond the same to macroalga 
species. Acropora millepora larvae experienced higher settlement next to Lobophora 
variegata (Birrell et al. 2008b) while P. astreoides larvae were deterred (Kuffner et al. 
2006). There is strong evidence of coral species-specific response to macroalgae (Kuffner 
et al. 2006; Birrell et al. 2008b; Diaz-Pulido et al. 2010; Denis et al. 2014; Olsen et al. 
2016) and since it was the structure of L. intricata that deterred settlement, not the 
16 
 
chemical compounds, it is possible that other coral larvae would have a different response 
to L. intricata. 
I hypothesize that Laurencia may enhance coral settlement and metamorphosis. 
Laurencia enhancing coral larvae settlement is most likely not an identifier of a suitable 
location for coral settlement, but instead a trait that both CCA and Laurencia share with a 
common ancestor that remained in the Laurencia lineage. Coral larvae may be drawn to 
the compounds because they are typically released from CCA, signifying a suitable reef 
substrate with limited macroalgal competition.  
1.11 Significance 
This is the first study to compare the effect of macroalgae L. intricata and a 
variety of brown macroalgae species in the family Dictyotaceae on P. astreoides larval 
swimming behavior, settlement, and post-settlement survival. If L. intricata promotes 
settlement and survival, this will be the first study to document it. Identifying how 
macroalgae affects coral behavior may provide insight into new coral reef management 
techniques.  
1.12 Research Objectives   
This study examined the effect of the macroalgal species Laurencia intricata and 
several species from the Dictyotaceae family on larval swimming behavior, settlement, 
and post-settlement survival of the scleractinian coral Porites astreoides by addressing 
the following questions: 
1. Does L. intricata and Dictyotaceae impact P. astreoides larval swimming 
behavior?   
            Planulae use chemical cues to identify suitable substrate to settle upon. 
Attractant cues elicit downward swimming and benthic probing while deterrent 
cues elicit an avoidance behavior that reduces coral recruitment.   
 
 
 
 
 
 
17 
 
2. Does L. intricata influence P. astreoides settlement? 
            Exposing coral larvae to different treatments will identify if the chemical cues 
or algal structure of L. intricata affects P. astreoides settlement. If settlement is 
induced, then a comparison to the plastic algal mimic will indicate if the 
structure or chemical cues are the likely mechanisms. The plastic algal mimic 
was used as it has the same structure as L. intricata but none of the chemical 
compounds. 
 
3. Does L. intricata have any latent effect on the post-settlement survival of P. 
astreoides? 
             Laurencia intricata has a seasonal abundance on South Florida coral reefs. To 
identify if settling next to L. intricata has any lasting impacts on polyp survival 
after the macroalgal abundance decreases, polyp survival will be observed 
following the macroalgae removal.   
 
4. When given a choice of substrates, are P. astreoides larvae influenced by 
the presence of L. intricata and Dictyotaceae?  
            Providing P. astreoides larvae a choice to settle between two macroalgae 
substrates will determine whether the chemical cues and structure of L. intricata 
and Dictyotaceae are enhancing or deterring coral settlement.  
 
 
5. Does L. intricata and Dictyotaceae influence the post-settlement survival of 
P. astreoides?  
            Determining if L. intricata and Dictyotaceae affects newly settled coral post-
settlement survival will be tested by exposing them to macroalgae for eight 
weeks. This will provide the final piece of evidence on how these two influence 
the early life history stages of P. astreoides.  
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CHAPTER 2  
2.1 Introduction 
Over the past few decades, the Greater Caribbean basin has suffered on average 
an 80% decline in scleractinian coral cover (Gardner et al. 2003; Bellwood et al. 2004). 
The Florida Keys have experienced some of the highest transitions from a coral to 
macroalgal dominated state, known as phase-or regime shift (Schutte et al. 2010). Coral 
reefs dominated by macroalgae experience lower juvenile coral density (Chong-Seng et 
al. 2014) by physically (Tanner 1995) or chemically (McCook et al. 2001) deterring coral 
settlement. Coral larvae use complex cues to explore the water column and identify 
appropriate substrate for settlement and metamorphosis (Morse and Morse 1996). 
Macroalgae physically prevents larvae from reaching the substrate (Tanner 1995; Kuffner 
et al. 2006) and chemically deters planulae through the release of allelopathic compounds 
near the benthos (Kuffner et al. 2006; Birrell et al. 2008b). Planulae that settle next to 
macroalgae experience higher mortality and more limited growth from shading, abrasion 
(Tanner 1995; Box and Mumby 2007), and the release of allelopathic chemicals (Kuffner 
et al. 2006; Box and Mumby 2007; Birrell et al. 2008b; Paul et al. 2011; Olsen et al. 
2015). Low settlement and high coral mortality reduces the ability for a reef to recover 
from a phase-shift (Graham et al. 2015).  
The effect of macroalgae on coral larvae depends on the family of macroalgae. 
The brown algae family Dictyotaceae has consistently shown a trend in reducing coral 
settlement and survival (Kuffner et al. 2006; Diaz-Pulido et al. 2010) by releasing 
allelopathic polyphenolic, phenols, and terpenoids compounds (Harlin and Rice 1987), 
while red algae, particularly crustose coralline algae (CCA), has facilitated coral 
recruitment (Morse et al. 1988; Morse and Morse 1996; Ritson-Williams et al. 2014) by 
releasing 11-deoxyfistularin-3, carotenoid fucoxanthinol (Kitamura et al. 2007), 
luminaolide (Kitamura et al. 2009) and tetrabromopyrrole (Tebben et al. 2011). 
Dictyotaceae is phylogenetically distinct from other brown algae families due to the 
unique presences of uniflagellate spermatozoids and meiosporangia different from other 
brown algae and supported by molecular analysis (Lee and Bae, 2002). Genera in this 
family, including Dictyota spp. (Kuffner et al. 2006; Box and Mumby 2007; Diaz-Pulido 
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et al. 2010; Paul et al. 2011; Olsen et al. 2015), Lobophora sp. (Kuffner et al. 2006; Box 
and Mumby 2007; Diaz-Pulido et al. 2010; Vieira et al. 2015), and Padina sp. (Birrell et 
al. 2008b), deter coral larval settlement and decrease coral survival. The genus 
Dictyopteris and its effect on coral recruitment has not been studied, but Dictyopteris 
delicatula releases chemical compounds to deter herbivory and epiphytic growth similar 
to other Dictyotaceae species (Hay et al. 1988), indicating it has the potential to deter 
coral settlement.  
Contrary to brown algae, rhodophytes (red algae), such as the genus Laurencia 
and crustose coralline algae (CCA) are known to trigger settlement and induce 
metamorphosis in marine invertebrates (Morse et al. 1979; Boettcher and Targett 1996). 
The compounds released by these rhodophytes are water soluble and stable for 12 months 
(Boettcher and Targett 1996). Two compounds, 11-deoxyfistularin-3 (bromotyrosine 
derivative) and carotenoid fucoxanthinol, isolated from coral rubble with CCA, increase 
coral larvae settlement and induce metamorphosis (Kitamura et al. 2007). The 
compounds released by Laurencia trigger settlement in lobsters (Hernkind and Butler 
1986; Butler and Hernkind 1991; Butler et al. 1997), conch (Boettcher and Targett 1996) 
and sea hares (Mianmanus 1988), but the effect on Caribbean coral larvae is unknown. 
However, it is possible that Laurencia may enhance coral recruitment. If it does, it is 
likely not because Laurencia indicate an appropriate substrate but rather a compound that 
persisted in the genus from a common ancestor of the algae. Alternatively, Laurencia just 
may not deter settlement because it does not release anti-herbivory, allelopathic 
compounds.     
The larval response to macroalgae may depend on the coral species. Laurencia 
intricata decreased larval settlement in the Pacific coral, Platygyra daedalea. All fleshy 
algae, including the plastic algal mimic, deterred P. daedalea larval settlement. This 
suggests it was the structure of L. intricata that deterred settlement not allelopathic 
compounds (Diaz-Pulido et al. 2010). Other coral species may respond positively to the 
chemical cues released by Laurencia as not all coral species exhibit the same response to 
macroalgae. For example, Padina sp. (Dictyotaceae) did not impact Acropora tenuis 
larval settlement (Dixson et al. 2014) but decreased settlement in Acropora millepora 
larvae by 30% (Birrell et al. 2008b). Acropora millepora larvae experienced higher 
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settlement when exposed to Lobophora variegata (Birrell et al. 2008b) while P. 
astreoides larvae were deterred by the macroalgae (Kuffner et al. 2006). Even settling on 
the macroalgal surface varies between species; Acropora palmata did not settle on 
Halimeda opuntia, but P. astreoides experienced a 10% settlement on the algae (Olsen et 
al. 2016).   
 The variability in coral larval response to different macroalgae (Jompa and 
McCook 2003) suggests the type of macroalgae on a phase-shifted reef might be as 
important as algal cover. High Dictyotaceae abundance on a coral reef would negatively 
impact more coral species than a Laurencia dominated reef, further contributing to the 
macroalgal phase-shift and coral degradation. Our controlled, manipulative experiments 
tested the effect of L. intricata and Dictyotaceae on P. astreoides planulae swimming 
behavior, settlement preference, and post-settlement survival. I hypothesize that 
Laurencia may enhance while Dictyotaceae may decrease coral settlement, 
metamorphosis, and survival. My research was conducted in the Florida Keys. This was 
an ideal location to investigate the coral-macroalgae interaction because of the decline in 
coral cover and the prevalence of macroalgae. This will be the first study to compare the 
effect of rhodophytes and phaeophytes on coral larval swimming behavior, settlement, 
and post-settlement survival.  
2.2 Methods 
    2.2.1 Study site 
I examined the effect of Laurencia intricata on Porites astreoides larvae 
swimming behavior, settlement, and post-settlement survival. This coral species was 
chosen for its abundance on Florida’s reefs and its ease of obtaining larvae. The 
experiments were conducted at Mote Marine Tropical Research Laboratory (Mote TRL, 
Summerland Key, FL, USA) May 27-29, 2014, June 24-29, 2014, and April 17-21, 2015 
and at Keys Marine Laboratory (KML, Long Key, FL, USA) May 16-20, 2015. I 
conducted this study in the Florida Keys due to its recent phase-shift from a scleractinian 
dominated ecosystem to a high macroalgal abundance (Schutte et al. 2010) making it 
ideal for investigating coral-macroalgae interaction.   
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   2.2.2 Collection of Porites astreoides 
Seasonal increase in macroalgae coverage occurs simultaneously with the larval 
release by the coral P. astreoides (McGuire 1998), maximizing the chance of interaction 
between macroalgae and planulae. Porites astreoides produce planulae year round; 
however, they do show some seasonal preference (Chornesky and Peters 1987). Planula 
release is associated with the new moon between April and June with a peak in May 
(Chornesky and Peter 1987; Kuffner et al. 2006). Collection of P. astreoides coral 
colonies occurred a few days before the new moon. On May 27, 2014 (n=31) and April 
17, 2015 (n= 25) coral colonies were collected from Wonderland Reef (24°33.62´N, 
81°30.08´W) off Summerland Key, FL. On June 25, 2014, 50 coral colonies were 
collected from Birthday Reef (24°34.74´N, 81°29.84´W) off Summerland Key, FL. 
Finally, on May 16, 2015, at KML, 50 colonies of P. astreoides were collected at Bridge 
Rubble #4 and #2 (24°44.023’ N, 80°49.770’ W). Colonies of P. astreoides were 
collected by chiseling the colony off the substrate with a diameter no larger than 12 cm 
and then bubble wrapped, moistened with seawater and placed into a cooler for 
transportation to the research facility. At the facility, corals were maintained in running 
seawater raceways. 
Planulae collection for coral larvae followed the methods described in Kuffner et 
al. (2006).  After collection, the colonies were placed into mixing bowls and individually 
supplied with continuously running seawater. In the mixing bowls, the water flowed over 
the depressed handle and into a tri-pour beaker fitted with 180 µm Nitex bottom. The 
Nitex bottom was supported by 1.5 cm diameter PVC 2 cm off the tank bottom. The 
water level in the collection tank was kept at 15 cm to allow the planulae room to swim 
but remained in the collection cups. When planulae are released, they travel over the 
depressed handle and are retained in the Nitex collection cup. At sunrise, larvae were 
pooled into one container and subsampled for each experiment. Depending on the study, 
10-50 larvae were placed into experimental vials for each replicate. Upon completion of 
planulae collection, healthy colonies were returned to the collection site, and attached 
with Z-spar A-788 Splash Zone underwater epoxy. 
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   2.2.3 Macroalgae collection 
All Laurencia intricata and Dictyotaceae species were collected from reefs in 
Broward County, Florida one to two days before the first experiment. Algal clumps were 
examined under a dissecting microscope and any foreign organisms or other species of 
algae were removed. Afterwards, they were maintained in outside tanks before transport 
to the Florida Keys research facilities for experimentation. Laurencia intricata and 
Dictyotaceae vouchers were placed into 70% ethanol for taxonomic confirmation. 
Laurencia intricata taxonomic identification was confirmed by Dr. Ligia Collado-Vides 
(FIU), and Dictyotaceae vouchers were identified down to species by Dr. Ana Tronholm 
(FIU).  
Collection of macroalgae occurred in Broward County since macroalgae was 
easily accessible offshore. The reef communities in Broward County and the Florida 
Keys exhibited higher macroalgal cover than coral cover (Moyer et al. 2003; Beaver et 
al. 2006). In both regions, the macroalgal abundance remains stable over time with 
seasonal fluctuations, and Halimeda and Dictyota are the most abundant macroalgae 
genera (Lirman and Biber 2000; Yniguez et al. 2015). The similarity between these 
regions indicate that macroalgae collected from one area would be similar to the other.    
   2.2.4 Settlement tile conditioning 
Aragonite settlement tiles were used in May 2014, June 2014, April 2015, and 
May 2015 settlement chambers and in May 2015 larval settlement preference 
experiments. Ceramic settlement tiles were used in June 2014 and April 2015 larval 
settlement preference experiments. All settlement tiles were preconditioned on Broward 
County reefs for at least four weeks to allow a biofilm and CCA to colonize the tile 
before experimentation. Tiles were maintained in running seawater prior to 
experimentation and transportation to TRL and KML. Plastic algal mimics, plastic 
chamber, plastic containers, and vinyl barriers were soaked for at least 24 h prior to 
experimentation to allow for potentially harmful compounds to leach out.  
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    2.2.5 Experiment 1: Does L. intricata and Dictyotaceae impact P. astreoides larval 
swimming behavior?   
To determine if planulae swimming behavior is altered in the presence of 
Laurencia intricata, a modified version of Gleason et al. (2009) experiment was used to 
observe swimming behavior in response to different algal treatments. Four 500 ml 
graduated cylinders were filled with 0.2 µm filtered seawater. Ten larvae were added to 
each graduated cylinder and allowed a 10 min acclimation period before initial data 
recording. If the larvae were swimming near the treatment, it was deemed a positive 
response.  A negative or neutral response occurred when larvae were distributed evenly 
throughout the water column. The proportion of larvae observed within the bottom 20% 
of the graduated cylinder (i.e., showing a positive response to the treatment) was 
compared among treatments. Experiments conducted in June of 2014, consisted of 
placing nothing (a blank control), plastic algal mimic, Laurencia intricata, or Dictyota 
pfaffii-humifusa complex under a false mesh bottom (180 µm) to prevent contact with 
algae and avoid losing sight of larvae, but also to allow the dispersal of any chemical 
cues that may influence behavior. The algal mimic was used for comparison against the 
control treatment to determine if toxins were released or if larval settlement may be 
affected in other experiments. Dictyota pfaffii-humifusa complex was used as a negative 
control to compare how larvae responded to deterrent compounds. After the 10 min 
acclimation period, larval depth was recorded and subsequently every 20 min for 60 min. 
The four treatments acclimation periods were staggered 5 min apart to allow behavioral 
observation within the 20 min intervals. The treatments were then replaced with new 
algae, water, and larvae before another replicate was started. The cylinders were rotated 
to randomize any biases associated with the cylinders. There was a total of seven 
replicates during June. 
 In April, 2015, five treatments were used: a control, a plastic algal mimic, 
Laurencia intricata, an unidentified CCA, and Dictyopteris justii. CCA is a known larval 
attractant and settlement cue and was added to provide a positive cue for comparison. 
Due to misidentification, D. justii was used in place of D. pfaffii-humifusa during these 
trials. Instead of a 20 min interval between treatment observations, it was increased to a 
25 min interval to account for the addition of the CCA treatment.  This allowed the 
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acclimation periods to remain staggered every 5 min among the five treatments. There 
was a total of five replicates in April due to the limited availability of larvae. 
   2.2.6 Statistical Analysis 
A repeated measures ANOVA was used to analyze the proportion of coral larvae 
swimming within the bottom 20% of the graduated cylinder (i.e., demonstrating a 
positive response to the treatment). Porites astreoides released larvae on multiple 
sequential days and larval swimming behavior was compared by date, the combination of 
treatment and date, the combination of time interval and date, and the combination of 
treatment, time interval, and date. If no significant difference was observed in larval 
swimming behavior across the combination of treatment, time interval, and date, then 
swimming behavior was combined by date and compared by the full factorial of 
treatment and time interval. If no significant difference was observed in larval behavior 
across different time intervals, and there was no difference between the interaction of 
time and treatment, the larval response was pooled across time periods and the average 
proportion of larvae exploring the bottom 20% of the cylinder was compared against 
algal treatments using a one-way ANOVA. 
 Dictyota pfaffii-humifusa was used in June 2014 and D. justii was used in April, 
2015. These two-different species were combined and referred to by their family name, 
Dictyotaceae. Three other genera in this family are known as coral settlement deterrents, 
Dictyota (Kuffner et al. 2006; Box and Mumby 2007; Diaz-Pulido et al. 2010; Paul et al. 
2011; Olsen et al. 2015), Lobophora (Kuffner et al. 2006; Box and Mumby 2007; Diaz-
Pulido et al. 2010; Vieira et al. 2016), and Padina (Birrell et al. 2008b). Additionally, 
Dictyopteris releases chemical defenses in order to deter herbivory and epiphytic growth, 
similar too other Dictyotaceae species (Hay et al. 1988).  
A repeated measures ANOVA was used to compare the proportion of coral larvae 
swimming at the bottom 20% of the cylinder, by year, treatment x year, time x year, and 
treatment x time x year interaction. If no significant difference was observed between 
these interactions, the larval swimming behaviors observed by year was combined. If 
there were significant differences between groups, subgroup means were compared using 
post-hoc Tukey-Kramer HSD test. Data that did not adhere to parametric assumptions 
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were arcsine square-root transformed. All statistical analyses were conducted in JMP 
12.0 software. 
    2.2.7 Experiment 2 Does L. intricata influence P. astreoides settlement? 
Planulae settlement was quantified in the presence of Laurencia intricata, a blank 
tile as a control, and a plastic algal mimic that resembled the size, shape, and morphology 
of Laurencia intricata in the absence of chemical compounds.  Plastic chambers with 
Nitex sides were placed on the reef (Fig. 3) to test larval settlement preference under 
more natural conditions (modified from Kuffner et al. 2006). The chamber acrylic was 
6.4 mm thick to allow solar irradiance with a diameter 10.8 cm and 20.3 cm long. The 
sides of the chamber were covered 
by 180 µm mesh Nitex to allow 
water flow but prevent larvae from 
escaping. Forty planulae were placed 
inside the larval chamber containing 
an aragonite tile with Laurencia 
intricata, an algal mimic, or a blank 
control. Each treatment was attached 
with a beaded zip-tie including the 
control. The circular shape of the 
larval chamber prevented the tile 
from sitting flat, but allowed larvae 
to access all sides of the tile.  The three treatment chambers were anchored to rubber mats 
in a randomized order. Each mat was weighed down with 1.36 kg lead weights and 
placed 1.5 m apart from each other, and situated parallel to the prevailing current. A total 
of nine treatment chamber mat replicates were placed in a hard bottom and sparse 
seagrass community off Summerland Key, Florida at Mote Marine Laboratory at 1 to 1.5 
m depth on May 28, 2014 and June 26, 2014. The following year, five treatment chamber 
mats were placed on the hard bottom in the same location off Summerland Key, FL on 
April 18, 2015 and May 17, 2015. The larval chambers were left on the hard bottom and 
sparse seagrass community for 36 h before being analyzed. The number of larvae 
 Figure 3. Image of larval containment vessel with 
macroalgae attached to a ceramic tile connected to a 
bathmat (Kuffner et al. 2006). 
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swimming, metamorphosed in the water column, settled on chamber/lid, algae/mimic/zip-
tie, and settled on the top/bottom/side of the tile were quantified. 
   2.2.8 Statistical analysis 
To determine L. intricata’s effect on coral larvae settlement, I used a one-way 
ANOVA to analyze the proportion of coral larvae total settlement (top, side, and bottom 
of the tile) and to compare across tile treatment, date, and treatment x date interaction. If 
no significant difference was observed between the interaction of treatment x date, then 
all treatments by date were combined and analyzed using a one-way ANOVA.  A two-
way ANOVA was also used to identify the difference in proportion of larvae swimming 
and metamorphosed in the water column by treatment, date, and treatment x date 
interaction. To identify if the treatment affected top over bottom settlement, I used a one-
way ANOVA to compare top and bottom settlement by treatment. Data that did not 
adhere to parametric assumptions were transformed into an arcsine square root function 
prior to analysis. Data that did not meet these assumptions were analyzed in a Wilcoxon 
non-parametric test. All significantly different results were analyzed with a post-hoc 
Tukey HSD test to identify significant differences between groups. All statistical analysis 
was conducted in JMP 12.0 software. 
   2.2.9 Experiment 3: Does L. intricata have any latent effect on the post-settlement 
survival of P. astreoides?  
After scoring settlement on the 
reef chamber tiles in May 28, 2014, June 
26, 2014, April 18, 2015, and May 17, 
2015, L. intricata and the plastic algal 
mimic clumps were removed from each 
tile and any latent effects on post-
settlement survival were reached for 
each treatment. Latent effects are any 
impacts on newly settled coral health 
and survival that occur after L. intricata 
is removed. The tiles were transported in 
 Figure 4. Image of larval survival containment 
chamber with macroalgae on top of a settlement 
tile for long-term survival. Treatments were 
removed for latent survival analysis 
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seawater from the Florida Keys to Nova Southeastern University Oceanographic Center 
in a cooler. On May 30, 2014 and June 28, 2014 tiles were placed into 118 ml volume 
plastic containers with pierced sides to allow water exchange. These containers were set 
on the bottom of an outside raceway and frequently flipped leading to subsequent mixing 
of settlement tile. This resulted in a low sample size. In 2015, modifications were made to 
the containers holding the settlement tiles. These modifications included adding a 
flotation device to the rim of the container and adding holes on bottom (Fig. 4). The 
containers were scored every week for five weeks to determine potential latent effects.  
   2.2.10 Statistical analysis 
To test any latent effects of macroalgae on coral polyp survival, I used a Kaplan-
Meier survival curve for analysis. A Mantel-Haenszel (log rank) test was then used to 
determine if the survival curves were significantly different between treatments. All 
statistical analysis was conducted in JMP 12.0 software.   
   2.2.11 Experiment 4: When given a choice of substrates, are P. astreoides larvae 
influenced by the presence of L. intricata and Dictyotaceae? 
This experiment determined if coral 
planulae prefer to settle near Laurencia 
intricata or on a control tile (either an algal 
mimic or a settlement tile without structure) 
and Dictyopteris delicatula. Giving larvae a 
choice to settle between two different 
treatments revealed if Laurencia intricata 
increases coral settlement and if Dictyopteris 
deters settlement. Choice chambers were made 
of plastic 1.89 L containers with the sides 
replaced with 180 µm Nitex mesh and foam 
attached around the top edges for flotation 
(Fig. 5).  Two different treatments were 
attached to preconditioned tiles and added to 
opposite ends of the chamber. In June 2014, 
Figure 5. Image of choice experiment 
containment apparatus with sides fitted with 
180 µm Nitex mesh and flotation device 
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there were three possible pairing combinations between a blank control, plastic algal 
mimic, and a clump of Laurencia intricata treatment. A total of ten replicates of each 
container combination were used, totaling thirty chambers. In April 2015, a fourth 
treatment was added, Dictyopteris justii. Each treatment, a blank control, plastic algal 
mimic, Laurencia intricata, and Dictyopteris justii, was attached to a preconditioned 
ceramic settlement tile, totaling six possible pairing combinations. Each combination had 
seven replicates totaling forty-two containers. The final experiment occurred on May 17, 
2015 at Keys Marine Lab and used the following treatments attached to a preconditioned 
aragonite settlement tile, a blank control, a plastic algal mimic, Laurencia intricata, and 
Dictyopteris delicatula. Aragonite tiles were used instead of ceramic tiles, due to limited 
availability of preconditioned tiles. There were five replicates for each of the six possible 
combinations totaling thirty containers. Fifty P. astreoides larvae were added to each 
chamber and kept in outside raceways for 72 h before scoring. The number of larvae free 
swimming, metamorphosed in the water column, settled on chamber, algae/mimic/zip-tie, 
and settled on the top/bottom/side of the tile was quantified. 
   2.2.12 Statistical analysis 
A frequency analysis was used to examine settlement on the tile and on other 
surfaces between the two choices. I performed a frequency analysis on top, side, and 
bottom settlement of the paired tiles in each choice container to identify any treatment 
effect on settlement distribution. Following the frequency analysis, the proportion of 
larvae settled on each treatment tile was averaged and compared using a one-way 
ANOVA.  If there was not a significant difference in larval settlement observed among 
choice containers, tile settlement by treatment were then averaged and compared in a 
one-way ANOVA. Finally, settlement was compared within a treatment among choice 
containers using a one-way ANOVA. Data that did not adhere to parametric assumptions 
were transformed into an arcsine square root function prior to analysis. All significantly 
different results were analyzed with a post-hoc Tukey HSD test to identify significant 
differences between groups. All statistical analysis was conducted in JMP 12.0 software. 
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2.2.13 Experiment 5: Does L. intricata and Dictyotaceae influence the post-settlement 
survival of P. astreoides?  
After scoring settlement preference, the same tiles were transported to Nova 
Southeastern University on June 29, 2014 and May 20, 2015 and placed into individual 
floating containers with respective treatments placed on top of the tiles (Fig. 4). Recruit 
survival was recorded every seven days for eight weeks. During polyp survival scoring, 
containers were scrubbed to remove accumulated cyanobacteria, and fouling algal 
treatments were replaced with newly collected specimens every 7-14 days. In July 13, 
2014, three flotation chambers flipped over mixing the treatments, halting observation of 
those three tiles.   
   2.2.14 Statistical analysis 
 To analyze the long-term effects of macroalgae on coral polyp survival, I used a 
Kaplan-Meier survival curve. A Mantel-Haenszel (log rank) test was then used to 
determine if the survival curves were significantly different between treatments. All 
statistical analysis was conducted in JMP 12.0 software.    
2.3 Results 
    2.3.1 Experiment 1: Does L. intricata and Dictyotaceae impact P. astreoides larval 
swimming behavior? 
During June 26-29, 2014, behavior trials consisted of control, mimic, L. intricata, 
and Dictyota pfaffii-humifusa complex treatments. The proportion of larvae swimming at 
the bottom 20% of the cylinder was significantly different by date (F(3,20)=30.254, 
p=0.001) but not by the interaction of treatment and date (F(9,20)=1.240, p>0.05), the 
interaction between time interval and date(F(9,60)=1.541, p>0.05), or the interaction 
between treatment, time interval, and date(F(27,60)=0.885, p>0.05). Then, pooling larval 
swimming behavior trials conducted between 26th through 29th were compared by 
treatment. The proportion of larvae in the bottom 20% of the graduated cylinder was not 
significantly different across time (F (3,96) =1.34, p=0.2688), treatment (F (3,32) =1.83, 
p=0.1435) or the interaction between time and treatment (F (9,96) =1.06, p=0.2351) (Fig. 
6).  However, when pooling observations across time intervals, a significant difference in 
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larval swimming behavior was seen among treatments. Coral larvae distribution had a 
significantly higher proportion on the bottom 20% of the cylinder in L. intricata 
treatment compared to the other three treatments (F(3,140)=6.419, p=0.001) (Fig.7 ). The 
planulae may be attracted to the chemical cues released by L. intricata causing a higher 
proportion of coral larvae on the bottom.   
  
Figure 6. Behavior Experiment 1. Test the hypothesis that L. intricata affects coral larval swimming 
behavior June 26-29, 2014, showing mean (± SE) proportion of larvae at the bottom 120ml of the 
graduated cylinder (n=7). Larvae were added at time zero and given a 10-minute acclimation period 
before behavior was recorded every 20 minutes. Larvae responded to Laurencia the same as the 
control, Dictyota, and mimic.  
 
 
Figure 7. Behavior Expt 1. Test the hypothesis that L. intricata affects coral larval swimming 
behavior June 26-29, 2014, showing mean (±SE) proportion of larvae at the bottom 120ml of the 
graduated cylinder (n=28). Bars were calculated by treating average value across time periods for each 
replicate tube as a single data point (* represent significant difference, p-value<0.0001). Larvae were 
attracted to Laurencia over the control, mimic, and Dictyota 
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To discover if larval swimming behavior cue observed from the L. intricata 
treatment was similar to CCA, an unidentified CCA was added in April 19-20, 2015. 
Additionally, the Dictyota pfaffii-humifusa treatment was replaced with Dictyopteris 
justii due to the difficulty in distinguishing between Dictyota and Dictyopteris species 
(vouchers of these species were later identified by expert Dr. Ana Tronholm at FIU). 
First, the two larval swimming behavior dates were compared and similar to June 26-29, 
2014, there was a significant difference in the proportion of larvae swimming at the 
bottom 20% of the cylinder (F(1,58)=45.978, p=0.001). The interaction between 
treatment and date also had a significant difference (F(4,55)=4.658, p=0.003), but not the 
interaction of time interval and date (F(3,44)=0.465, p>0.05), or the interaction of 
treatment, time interval, and date (F(12,43)=1.081, p>0.05). Combining the observations 
recorded, the proportion of larvae observed at the bottom 20% of the cylinder was 
significantly different among treatments (p=0.001, Table 2). The Dictyopteris, 
unidentified CCA, and Laurencia treatment had significantly higher proportion of larvae 
on the bottom 20% of the cylinder than the control and mimic across time intervals (Fig. 
8). There were no significant differences between the time intervals recorded and 
between the interaction of treatment and time intervals recorded (p>0.05, Table 2). 
Combining treatments across different time intervals yielded significant differences in 
mean larvae on the bottom 20% of the cylinder. The treatments with Dictyopteris, CCA, 
and Laurencia displayed significantly higher proportion of coral larvae on the bottom 
20% of the cylinder compared to the control and mimic treatments (F(4,95) =32.154, 
p=0.001) (Fig. 9).  
Table 2. April 19-20, 2015 behavior analysis, Repeated Measures ANOVA of effect on larval 
swimming behavior by treatment over time (p<0.05 is significantly different) 
Source  d.f. SS F P 
Treatment  4 12.61 16.26 <.0001 
Time recorded  3 0.122 0.848 0.473 
Treatment*Time recorded  12 0.648 0.946 0.510 
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Figure 8. Behavior Expt 1. Test the hypothesis that L. intricata affects coral larval swimming 
behavior April 19-20, 2015, showing mean (±SE) proportion of larvae at the bottom 120ml of the 
graduated cylinder (n=5). Larvae were added at time zero and given a 10-minute acclimation period 
before behavior was recorded every 25 minutes (different letters represent significant difference, p-
value<0.0001). Larvae were attracted to Laurencia, CCA, and Dictyopteris over the control and 
mimic. 
 
Figure 9. Behavior Expt 1. Test the hypothesis that L. intricata affects coral larval swimming 
behavior April 19-20, 2015, showing mean (±SE) proportion of larvae at the bottom 120ml of the 
graduated cylinder (n=20). Bars were calculated by treating average value across time periods for each 
replicate tube as a single data point (different letters represent significant difference, p-value<0.0001). 
Larvae are attracted to CCA, Laurencia, and Dictyopteris over the control and mimic.  
To identify differences between June 2014 and April 2015 larval swimming 
behavior, the proportion of larvae at the bottom 20% of the cylinder were compared. The 
interaction of time intervals and year (F(3,156)=1.420, p=0.239), the interaction of 
treatment and year (F(3,51)=1.655, p=0.188), and the interaction of time intervals, 
treatment, and year (F(9,156)=0.756, p=0.657) were not significantly different from each 
other. June 2014 had a significantly higher proportion of larvae on the bottom when 
compared to April 2015 (F(1,51)=8.215, p=0.006). Although June 2014 and April 2015 
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were significantly different, I was interested in trends across various larval batches, 
therefore they were combined.  
 Each day corals released a new batch of larvae that were used to record larval 
swimming behavior. To determine if there were any differences in larval swimming 
behavior between the days recorded from June 26-29, 2014, the proportion of larvae at 
the bottom. The result indicated that a higher proportion of larvae explored the bottom 
20% of the cylinder on the 29th when compared to the 26th and 27th (F (3,32) =18.60, 
p<0.001). The same behavior occurred from April 19-20, 2015, with a higher proportion 
of larvae exploring the bottom 20% of the cylinder on the 19th compared to the larvae on 
the 20th (F (1, 23) =27.13, p<0.001). These results suggest that larval swimming behavior 
varies depending on batch of larvae. It is possible that fewer colonies releasing planulae 
as larval collection goes on, leading to a higher proportion of larvae from one colony that 
may show preference towards a downward swimming behavior. 
 
Figure 10. Behavior Expt 1. Test the hypothesis that L. intricata affects coral larval swimming 
behavior combined June 26-29, 2014 and April 19-20, 2015, showing mean (±SE) proportion of 
larvae at the bottom 120ml of the graduated cylinder (n=12). Larvae were added at time zero and 
given a 10-minute acclimation period before behavior was recorded every 20-25 minutes (different 
letters represent significant difference)  
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Table 3. June 26-29, 2014 and April 19-20, 2015 behavior. Dictyota and Dictyopteris treatment 
combined into Dictyotaceae treatment for analysis. Repeated Measures ANOVA of effect on larval 
swimming behavior by treatment over time (p<0.05 is significantly different) 
Source  d.f. SS F P 
Treatment  3 17.11 5.225 0.003 
Time recorded  3 0.211 0.873 0.457 
Treatment*Time recorded  9 0.396 1.640 0.108 
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Figure 11. Behavior Expt 1. Test the hypothesis that L. intricata affects coral larval swimming 
behavior June 26-29, 2014 and April 19-20, 2015 combined, showing mean (±SE) proportion of 
larvae at the bottom 120ml of the graduated cylinder (n=48). Bars were calculated by treating average 
value across time periods for each replicate tube as a single data point (different letters represent 
significant difference, p-value<0.0001). Larvae were attracted to Laurencia, and Dictyotaceae over 
the control and mimic 
Combining June 2014 and April 2015 larval swimming behavior for the control, 
mimic, Laurencia, and the two brown algae, Dictyotaceae, yielded a significant 
difference between treatments (p=0.003, Table 3). My results found Laurencia had a 
higher proportion of larvae on the bottom 20% of the cylinder compared to the mimic and 
control treatments, but was not significantly different from the Dictyotaceae (Fig. 10). 
These findings are consistent with the hypothesis that coral larvae respond to compounds 
associated with reefs regardless if they are attractants or deterrents to coral recruitment. 
There were no significant differences across time, and the interaction of time and 
treatment was also not significantly different (p>0.05, Table 3). After averaging the 
proportion of coral larvae on the bottom 20% among the different time intervals, a 
significantly higher proportion of larvae were on the bottom for Laurencia and 
Dictyotaceae when compared to the control and mimic treatments (F(3,220)= 17.742, 
p=0.001) (Fig. 11) . This clearly shows that L. intricata and Dictyotaceae algae cause a 
higher proportion of larvae to initiate the downward swimming cue compared to coral 
larvae that are exposed to an absence of chemical cues seen in the control and mimic 
treatments.  
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   2.3.2 Experiment 2: Does L. intricata influence P. astreoides settlement?   
Reef chambers were placed into the field to expose coral larvae to natural 
environmental cues while observing their settlement response to L. intricata. Chambers 
were deployed in May 28, 2014, June 26, 2014, April 18, 2015, and May 17, 2015. 
Settlement by date among different treatments was not significantly different for total 
(F(6,72)=0.586, p>0.05), top (F(6,72)=0.429, p>0.05), side (F(6,72)=0.610, p>0.05), and 
bottom (F(6,72)=0.086, p>0.05) of the tile settlement. This allowed the reef chambers 
deployed on different dates to be combined for statistical analysis.  
To observe if different dates chambers were deployed caused more larvae to 
remain swimming or metamorphosed in the water column, the proportion of larvae still 
swimming was compared by the interaction of date and treatment. Larvae swimming by 
treatment between dates was not significantly different (F(6,72)=0.377, p>0.05). 
Analysis of the proportion of larvae metamorphosed in the water column influenced by 
date suggests there was a significant difference between date and the proportion of 
metamorphosed larvae in the water column (F(3,72)=6.115, p=0.001). To determine if 
there was a difference in the proportion of metamorphosed larvae in the water column 
varied by date and treatment, the interaction of date and treatment were compared. The 
proportion of larvae metamorphosed in the water column was not significantly different 
by date and treatment (F(6,72)=0.987, p>0.05). For both larval swimming and 
metamorphosis in the water, the reef chambers deployed on different dates were 
combined for statistical analysis.   
During the various deployment dates, reef chambers experienced relatively 
similar environmental conditions, except for June 2014. This month experienced 
unusually high water temperatures with the average water temperature during this time 
was 30.9º C (averages were taken from NOAA Key West FL Station ID 8724580 field 
station and likely higher in the shallows where the experiment took place). There was a 
significantly higher percentage of larvae metamorphosed in the water column in June 26, 
2014 (3.0± 0.9%) compared to May 28, 2014 (0.8 ±0.3%), April 18, 2015 (0.2 ±0.1%), 
and May 17, 2015 (0.8 ±0.4%) (X2 (3) =15.71, p=0.0013). A similar behavior was 
observed in coral larvae from Pocillopora damicornis, and when newly settled larvae 
became stressed they would release from the substrate and resemble the initial larval 
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stage with the ability to resettle (Richmond 1985). Porites astreoides settled larvae may 
be trying a similar tactic in response to elevated water temperature, attempting to escape 
the stressor. Despite larval exposure to these elevated temperatures, the June 26, 2014 
settlement did not change the results if included or removed from the analysis. The final 
analysis included all four deployments in May 28, 2014, June 26, 2014, April 18, 2015, 
and May17, 2015. 
 With all dates combined, the proportion of larvae swimming (F(2,72)=0.131, 
p>0.05) and larvae metamorphosed in the water column (F(2,72)=0.332, p>0.05) were 
not significantly different by treatment. These results suggest that L. intricata is not 
enhancing nor inhibiting the proportion of larvae swimming or the proportion of larvae 
metamorphosed in the water column.  
 
Figure 12. Larval Settlement. Expt 2. Test the hypothesis that L. intricata affects coral larvae 
settlement, showing mean (±SE) proportion of larvae in chambers (n=28) that settled (A) total (top + 
side + bottom) and (B) top of the tile.   
To understand the effect L. intricata has on coral larval settlement for all dates, 
the total proportion of larval settled was compared across treatments. Total settlement 
included the proportion of larvae settle on top, side, and bottom of the tile. Total 
settlement experienced no significant differences between the treatments (F (2, 81) =0.30, 
p=0.5313) (Fig. 12A). Treatment attachment occurred on top of the settlement tile for the 
mimic and L. intricata treatments, creating a cryptic environment on top, and the control 
was left blank, lacking any cryptic habitat. Cryptic environments usually increase coral 
larvae settlement (Kuffner et al. 2006). Contrary to this, there were no significant 
differences in top settlement between treatments (F (2, 81) =0.63, p=0.3140; Fig. 12B). 
The percentage of larvae settled on the side (F (2, 81) =0.45, p>0.05) and bottom (F (2, 
81) =0.64, p>0.05) of the tile were not significantly different between treatments. Due to 
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the lack of response observed in larval settlement, it appears that neither L. intricata nor 
the mimic enhanced or deterred settlement. There were also no significant differences 
between top and bottom settlement among treatments (F (1, 36) =3.18, 0.76, 0.79, 
p>0.05).  
2.2.3 Experiment 3: Does the presence of L. intricata have any latent effects on the 
post-settlement survival of P. astreoides?  
Laurencia experiences seasonal increases and decreases in abundance on the reef 
(Stacy Prekel, unpublished). To identify if there are any latent effects for coral larvae 
settling next to L. intricata once their abundance decreases, post-settlement survival was 
observed after the L. intricata was removed. After reef chamber settlement was recorded, 
the treatments were removed from the tiles and post-settlement survival of newly settled 
coral was observed for five weeks. Latent effects were recorded for all reef chamber 
treatments except for May 28 and June 26, 2014. These tiles were contaminated with 
cyanobacteria from overgrowth on the bottom and all containers tipped over, mixing 
treatments together and preventing further analysis.  In April 20 and May 19, 2015, 
alterations were made to the holding containers to allow them to float, reducing tipping 
and avoiding cyanobacteria on the bottom. Due to the variability between latent treatment 
post-settlement survival and a significant difference between survival by month, April 20 
and May 19 2015 (X2(1) =17.78, p<0.001) experiments were not combined for analysis. 
 
Figure 13. Latent effect on coral larvae post-settlement survival. Expt 3. Test the hypothesis that 
settling next to L. intricata has any latent effects on newly settled coral post-settlement survival, 
showing survival plots corresponding to proportion survival over five weeks on (A) April 20, 2015 
total (top + side + bottom) (different letters correspond to significant difference [p-value=0.0009] 
between treatments) and (B) May 19, 2015 total (top + side + bottom) (different letters correspond to 
significant difference between treatments) 
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Differences in spat post-settlement survival were observed among treatments and 
dates, but it appears that L. intricata did not decrease newly settled coral survival. Total 
survival, including top, side, and bottom of the tile, were significantly different from each 
treatment in April 20, 2015 (X2 (2) =14.04, p=0.0009) (Fig. 13A). Larvae that settled on 
the L. intricata tile experienced a final proportion of survival at 0.78 ± SE 0.05, which 
was significantly higher than the control (0.55 ± SE 0.07) and mimic (0.46 ± SE 0.06) 
treatment. This indicates that latent effects from L. intricata promote larval survival, 
however this trend is not consistent with the May 19, 2015 observations. Total survival 
for May 19, 2015 was significantly different among treatments (X2 (2) =27.42, p<0.0001) 
(Fig. 13B).  The control had the highest final proportion survive at 0.91 ± SE 0.02 when 
compared to L. intricata (0.77 ± SE 0.04) and the mimic (0.66 ± SE 0.04). Laurencia 
intricata had higher survival over the mimic. This indicates that L. intricata is not 
enhancing survival when compared to the other treatments, but in both April 20, 2015 
and May 19, 2015 studies, the latent effect from L. intricata is not decreasing survival 
either. This discrepancy could be due to differences in environmental field conditions, 
thus impacting coral larvae.    
  
  
Figure 14. Latent effect on coral larvae survival. Expt 3. Test the hypothesis that settling next to L. 
intricata has any latent effects on newly settled coral post-settlement survival, showing survival plots 
corresponding to proportion of survival over five weeks on (A) April 20, 2015 top, (B) April 20, 2015 
bottom (different letters correspond to significant difference [p-value<0.0001] between treatments), 
(C) May 19, 2015 top (different letters correspond to significant difference [p-value<0.0001] between 
survival), and (D) May 19, 2015 bottom of the tile 
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Settlement location (top, side, and bottom of tile) may affect newly settled coral 
post-settlement survival. There was a high variance in post-settlement survival between 
months and locations. All treatments in April 20, 2015 experienced an overall decline in 
spat top survival and was significantly lower than May 19, 2015 top spat survival (X2 (1) 
=44.40, p<0.0001). These results suggest that the environmental factors that spat were 
exposed to during the experiment may have contributed to the difference in post-
settlement survival response between April 20, 2015 and May 19, 2015. Similar 
conclusions can be made about the variability in treatment survival. Top post-settlement 
survival by treatment in April 20, 2015 (X2 (2) =2.61, p=0.2715) (Fig. 14A) did not 
experience a significant difference in the proportion survived, but top post-settlement 
survival in May 19, 2015 did experience significant difference between treatments (X2 (2) 
=23.89, p<0.0001) (Fig. 14C).  
Both April 20 and May 19, 2015 had no significant difference in side post-
settlement survival between treatments (X2 (2) =0.10, 0.43, p >0.05). Bottom post-
settlement survival for April 20, 2015 did have a significant difference in post-settlement 
survival (X2 (2) =17.70, p<0.0001). Laurencia (0.88 ± 0.06) had significantly higher 
survival than the control (0.44 ± 0.10) and the mimic (0.37 ± 0.11) treatments (Fig. 14B). 
In May 19, 2015, the proportion on the bottom had no difference in post-settlement 
survival by treatment (X2 (2) = 3.24, p=0.1983) (Fig. 14D). Due to the variability in latent 
effect survival, it is not clear if settling next to L. intricata had any latent benefits. 
However, settling near L. intricata and then removing it did not trigger any negative 
latent effects on spat compared to the control and the mimic treatments.  
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2.2.4 Experiment 4: When given a choice of substrates, are P. astreoides larvae      
influenced by the presence of L. intricata and Dictyotaceae? 
 
   
 
Figure 15. Larval Choice Settlement. Expt 4. Test the hypothesis that providing coral larvae a choice 
between treatments affect settlement June 26, 2014, showing mean (±SE) proportion of larvae in 
containers (A) (CL and ML n=10; CM n=9) that total settled (top + side + bottom) (*: significant 
difference between tiles), (B) (CL and ML n=10; CM n=9) top settled (*: significant difference 
between tiles)  
 
Choice experiments allowed larvae to select which substrate to settle upon and 
permitted for a more ecologically relevant study. In June 26, 2014, larvae were given an 
option to settle on three different treatments, each pairwise combinations created three 
different sets, a control settlement tile and a mimic on a settlement tile (CM), a control  
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Table 4. June 26, 2014 choice settlement, frequency analysis of treatment tile effect on settlement 
distribution by treatment container (p<0.05 is significantly different) 
Frequency Analysis  d.f. Chi-Square P 
Container CL     
Control-Laurencia  2 0.041 0.041 
Container CM     
Control-Mimic  2 24.065 0.001 
Container ML 
Mimic-Laurencia 
  
2 
 
0.459 
 
0.795 
A. 
B. 
* 
* 
* 
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tile and a L. intricata on a tile (CL), and a mimic on a tile and a L. intricata on a tile 
(ML). One CM container was removed from the analysis as a larval predator was 
observed in the container.  To determine if larvae prefer to settle next to L. intricata over 
open substrate, L. intricata was paired with a blank control tile. Results indicate that coral 
larvae prefer to settle on top of the L. intricata tile rather than on the top of the control 
tile (Fig 15B). A significantly higher proportion of larvae settled on top of the Laurencia 
intricata treatment when compared to the top of the control tile (p=0.004, Table 4). Coral 
larvae were attracted to the chemical cues released by L. intricata or by its structure, 
creating a cryptic habitat and leading to enhanced larval settlement. To determine which 
of these possibilities was causing the higher L. intricata top settlement, a plastic algal 
mimic resembling L. intricata’s structure, minus the biological components, was 
introduced to a control tile. The mimic had a higher proportion of larvae settle on top of 
the tile over the control treatment (p=0.001, Fig. 15B, Table 4), indicating that coral 
larvae are attracted to the structure of the algae. There were no significant differences in 
top settlement when the mimic and L. intricata treatments were paired together 
(p>0.05Fig. 15B, Table 4). This suggests that the structure of L. intricata likely caused 
higher settlement on the top of the tile, not necessarily the release of chemical cues. 
Larval settlement preference for the side (F(1,18) =0.78, p>0.05) and bottom (F(1,18) 
=0.74, p>0.05) settlement between pairwise treatments tiles did not differ significantly. 
This was expected as the algal structure is only present on top of the tile and the side and 
bottom of the tile are the same for all treatments. To identify any combined effects from 
settlement location preference, total settlement, including top, side, and bottom of the tile, 
were compared between treatment tile pairs. Container CL was the only treatment that 
had a significantly higher proportion of total larval settlement on L. intricata treatment 
over the control treatment (p=0.008, Fig. 15A, Table 5). In the other two containers, CM 
Table 5. June 26, 2014 choice settlement, frequency analysis of treatment tile effect on total tile 
settlement by treatment container (p<0.05 is significantly different) 
Frequency Analysis  d.f. Chi-Square P 
Container CL     
Control-Laurencia  1 7.095 0.008 
Container CM     
Control-Mimic  1 3.804 0.081 
Container ML 
Mimic-Laurencia 
  
1 
 
0.232 
 
0.630 
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and ML, total settlement was not significantly different between treatments pairs in the 
proportion of larvae settlement (p>0.05, Fig. 15A, Table 5). Total larval settlement 
preference for the L. intricata tile over the control was most likely driven by the higher 
top settlement preference for L. intricata. 
 
 
Figure 16. Larval Choice Settlement. Expt 4. Test the hypothesis that providing coral larvae a choice 
between treatments affect settlement May 17, 2015, showing mean (±SE) proportion of larvae in 
containers (n=5) top settled (*: significant difference between tiles) 
Table 6. May 17, 2015 choice settlement, frequency analysis of treatment tile effect on 
settlement distribution by treatment container (p<0.05 is significantly different) 
Frequency Analysis  d.f. Chi-Square P 
Container CD     
Control-Dictyopteris  2 1.397 0.497 
Container CL     
Control-Laurencia  2 3.216 0.200 
Container CM 
Control-Mimic 
Container DL 
Dictyopteris-Laurencia 
  
2 
 
2 
 
1.926 
 
2.434 
 
0.382 
 
0.157 
Container MD     
Mimic-Dictyopteris  2 6.081 0.048 
Container ML     
Mimic-Laurencia  2 3.228 0.199 
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To investigate if algal structure was the only factor to enhance settlement, a 
macroalgal treatment was added that possessed structure and released deterring 
compounds. On May 17, 2015, Dictyopteris delicatula macroalgae treatment tiles were 
introduced, bringing the total number of treatments to six: control and D. delicatula (CD), 
control and L. intricata (CL), control and mimic (CM), D. delicatula and L. intricata 
(DL), D. delicatula and mimic (DM), and mimic and L. intricata (ML). Top larval 
settlement preference was significantly higher on the mimic compared to Dictyopteris 
(p=0.048, Table 6, Fig.16). All other top larval settlement preferences were not 
significantly different (p>0.05, Table 6, Fig. 16). The choice container housing 
Dictyopteris-Laurencia was the only treatment that experienced a significantly higher 
frequency settle on the side of the Dictyopteris tile when compared to Laurencia (X2 (1)= 
13.917, p=0.001). Other settlement distribution by choice container were not significantly 
different between treatments (X2 (1)= 3.308, p>0.05). These results suggest that structure 
is not the only driver for top settlement. The D. delicatula has structure on top but lower 
top settlement, possibly from deterrent chemical cues. It is not clear why only 
Dictyopteris when paired with Laurencia resulted in different side settlement. The other 
treatment combinations did not significantly affect larval settlement preference. The lack 
in significant difference among tile settlement was most likely a result of the low 
treatment sample size.  
 
Table 7. May 17, 2015 choice settlement, frequency analysis of treatment tile effect on total tile 
settlement by treatment container (p<0.05 is significantly different) 
Frequency Analysis  d.f. Chi-Square P 
Container CD     
Control-Dictyopteris  1 1.226 0.268 
Container CL     
Control-Laurencia  1 0.890 0.346 
Container CM 
Control-Mimic 
Container DL 
Dictyopteris-Laurencia 
  
1 
 
1 
 
0.011 
 
0.127 
 
0.916 
 
0.722 
Container MD     
Mimic-Dictyopteris  1 1.789 0.181 
Container ML     
Mimic-Laurencia  1 1.285 0.257 
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Figure 17. Larval Choice Settlement. Expt 4. Test the hypothesis that providing coral larvae a choice 
between treatments affect settlement May 17, 2015, showing mean (±SE) proportion of larvae in 
containers (n=5) total settled (top + side + bottom)   
 
Table 8. May 17, 2015 choice top settlement, One-way ANOVA of effect on treatment tile settlement 
among different treatment containers (p< 0.05 yields significant difference) 
Source  d.f. MS F P 
Control 
Error 
 2 
12 
0.004 
0.018 
0.227 
 
0.799 
Dictyopteris 
Error 
Laurencia 
Error 
Mimic 
Error 
 2 
12 
2 
12 
2 
12 
0.004 
0.017 
0.040 
0.008 
0.001 
0.004 
0.230 
 
4.992 
 
0.326 
 
0.798 
 
0.027 
 
0.728 
Total settlement did not experience a significant difference among treatment 
larval settlement preference (p>0.05, Fig. 17, Table 7). Structure is not the only factor 
that influences settlement, as allelopathic compounds released from D. delicatula are 
likely deterring settlement. 
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Figure 18. Larval Choice Settlement. Expt 4. Test the hypothesis that providing coral larvae a choice 
between treatments affects settlement (±SE) proportion of larvae settled on treatment tiles with respect 
to different treatment containers, May 17, 2015 (A) (n=5) that total settled (top + side + bottom), (B) 
(n=5) top settled (different letters represent significant difference between tiles) 
To determine if D. delicatula was affecting larval settlement on the other tile they 
were paired with, larval settlement by treatment was compared among different 
containers. Coral larvae top settlement was significantly lower on the L. intricata tile 
when stationed next to D. delicatula compared to when the L. intricata tile was stationed 
next to the control treatment. Laurencia intricata top settlement when stationed next to the 
mimic was not significantly different from being paired with the control and Dictyopteris 
treatments (p=0.027, Fig. 18B, Table 8). The other treatments, control, D. delicatula, and 
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Table 9. May 17, 2015 choice total settlement, One-way ANOVA of effect on treatment tile 
settlement among different treatment containers (p<0.05 yields significant difference) 
Source      d.f. MS    F P 
Control 
Error 
 2 
12 
0.010 
0.036 
0.269 
 
0.769 
Dictyopteris 
Error 
Laurencia 
Error 
Mimic 
Error 
 2 
12 
2 
12 
2 
12 
0.016 
0.017 
0.013 
0.022 
0.005 
0.025 
0.951 
 
0.575 
 
0.190 
 
0.414 
 
0.577 
 
0.830 
A. 
B. 
A AB B 
       Control 
 
     Dictyopteris 
 
 
    Laurencia 
 
 
         Mimic 
 
 
Control 
 
Dictyopteris 
 
Laurencia 
 
Mimic 
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the mimic, did not experience a significant difference in top settlement when paired with 
the other treatment tiles (p>0.05, Table 8).  Total larval settlement was also not influenced 
by the treatment tile they were paired with (p>0.05, Fig. 18A, Table 9). Due to top 
settlement on the Laurencia treatment being statistically similar when paired with the 
mimic and Dictyopteris, it cannot be concluded that Dictyopteris is affecting settlement on 
the Laurencia treatment tile through the release of allelopathic compounds.  
   2.2.5 Experiment 5: Does L. intricata and Dictyotaceae influence the post-settlement 
survival of P. astreoides?  
 Previously, any latent effect from L. intricata did not negatively influence newly 
settled coral post-settlement survival. To determine any effect a consistent presence of L. 
intricata has on newly settled coral post-settlement survival, choice containers tiles were 
separated into individual containers and the treatments remained on the tile for long-term 
analysis. June 29, 2014 bottom(X2(2) =3.498, p-value>0.05) and side (X2(2) =0.989, p-
value>0.05) post-settlement survival had no significant difference between treatments. 
Total tile post-settlement survival for the control, L. intricata, and the mimic also did not 
experience 
significant 
difference between 
treatments (p>0.05, 
Fig. 20A, Table 10). 
Top survival by 
treatment was the 
only location that 
experienced a 
significant 
difference between 
treatments (p=0.015, 
Table 10).      Laurencia intricata (0.55 ± 0.05) and the mimic (0.54 ± 0.05) top post-
settlement survival were significantly higher than the control’s (0.36 ± 0.07) survival 
(Fig. 20B). These results indicate that settlement location may play an important role in 
newly settled coral survival and more importantly, in the presence of structure 
Log-Rank Test  d.f. Chi-Square P 
June 29, 2014 Total Survival     
Treatment  2 0.800 0.670 
June 29, 2014 Top Survival     
Treatment  2 8.385 0.015 
May 20, 2015 Total Survival 
Treatment 
May 20, 2015 Top Survival 
Treatment 
  
3 
 
3 
 
7.301 
 
7.988 
 
0.063 
 
0.046 
May 20, 2015 Total Minus Dictyotaceae     
Treatment  2 7.241 0.027 
May 20, 2015 Top Minus Dictyotaceae     
Treatment  2 4.717 0.095 
Table 10. Long-term survival, Kaplan-Meier Survival Curve of treatment 
tiles over eight-week period (p<0.05 yields significant difference) 
 
A. B. 
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Figure 19. Larvae post-settlement survival. Expt 5. Test the hypothesis that settling next to L. 
intricata affects newly settled coral post-settlement survival with long term exposure, showing 
survival plots corresponding to proportion survive June 29, 2014 (A) total (top + side + bottom) and 
(B) top (different letters correspond to significant difference between treatments) of the tile 
 
Figure 20. Larvae post-settlement survival. Expt 5. Test the hypothesis that settling next to L. 
intricata affects newly settled coral post-settlement survival with long term exposure, showing 
survival plots corresponding to proportion survive May 20, 2015 (A) total (top + side + bottom), (B) 
top (different letters correspond to significant difference between treatments), (C) total (top + side + 
bottom) without Dictyotaceae (different letters correspond to significant difference between 
treatments), and (D) top of the tile without Dictyotaceae 
          In May 2015, the post-settlement survival added the D. delicatula treatment. 
During weekly replacements, different genera of the brown alga family Dictyotaceae 
were used due to the difficulty of field identification therefore I will refer to these species 
collectively by their family name, Dictyotaceae. Total survival by treatment did not 
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experience a significant difference in post-settlement survival (p>0.05, Fig. 21A, Table 
10). Due to the inconsistencies in the Dictyotaceae species used, this treatment was 
removed from the analysis and compared. Without Dictyotaceae, total settlement survival 
was significantly different between treatments (p=0.027, Table 10). The control tile had 
the lowest proportion survive at 0.63 ± 0.03 compared to the mimic, 0.75 ± 0.03 (Fig. 
21C). Laurencia intricata (0.68 ± 0.03) was not significantly different from the control or 
mimic tiles (Fig. 21C). These findings support the results identified in June 2014 of 
enhanced coral post-settlement survival with algal structure compared to settling without. 
            Looking at settlement tile spat survival by location (side, bottom, and top) showed 
similar trends observed in June 2014. Side (X2(3,2) = 3.235, 2.496, p-value>0.05) and 
bottom (X2(3,2) =2.082, 2.034, p-value>0.05) post-settlement survival by treatment were 
not significantly different in survival with or without Dictyotaceae. Top spat survival was 
significantly different between treatments with Dictyotaceae (p=0.046, Table 10). The 
mimic (0.75 ± SE 0.05) was the only treatment that had significantly higher post-
settlement survival than the Dictyotaceae treatment (0.53 ± SE 0.09) (p=0.046, Fig. 21B). 
Laurencia intricata (0.70 ± SE 0.05) top post-settlement survival was not significantly 
different from Dictyotaceae (0.53 ± SE 0.09) (p>0.05, Fig. 21B). The mimic (0.75 ± SE 
0.05) was not significantly different from the control (0.57 ± SE 0.06) in newly settled 
coral top survival (p>0.05, Fig. 21B). The mimic and L. intricata did not have 
significantly different top post-settlement survival, nor did the control and Dictyotaceae 
(p>0.05, Fig. 21B). Finally, the control and L. intricata top post-settlement survival was 
not significantly different (p>0.05, Fig. 21B). Low sample size might explain why there 
is not a distinct difference between the treatments like in June 29, 2014. Removing 
Dictyotaceae treatments from top post-settlement survival analysis yielded no significant 
differences in survival (p>0.05, Fig. 21D, Table 10). Algal structure exhibits a trend of 
improving newly settled coral post-settlement survival, except for the Dictyotaceae 
treatment. Dictyotaceae post-settlement survival is similar to the control treatment 
without structure. This may be from allelopathic compounds decreasing coral fitness as 
Dictyotaceae provides structure but lowers survival. This may also be due to 
Dictyotaceae morphology leading to decreased survival. There was a drastic decline 
where survival dropped by 37% after the first week. The species on the tile during the 
decline was D. delicatula, the same species that deterred settlement. There is a high 
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probability that this species is releasing allelopathic compounds that are harmful to 
corals. This data supports that L. intricata is not decreasing newly settled coral post-
settlement survival, but rather is most likely increasing newly settled coral survival 
through the advantages of a creating a cryptic habitat.  
 
2.4 Discussion  
 In this study, I tested if red algal species, L. intricata, and several species from 
the brown algal family Dictyotaceae influence P. astreoides larval swimming behavior, 
settlement, and post-settlement survival. My findings identified a hierarchy of cues that 
can be divided into two categories, chemical and physical. Algal chemical cues 
regardless, if they were settlement attractants or deterrents, elicited positive geotaxis 
behavior while larvae were in the water column. During settlement, the Dictyotaceae 
species deterred settlement and L intricata enhanced settlement. This provides evidence 
that coral larvae respond to most coral reef chemical cues while in the water column but 
become more selective and demonstrate a species-specific response to algae when 
probing the bottom. My results are the first to show that macroalgal species, L. intricata, 
enhances coral settlement and increases coral spat survival. I also demonstrated two 
different responses to macroalgae species, one species facilitated settlement, while 
another inhibited it.  This indicates that the abundance of certain macroalgal species may 
be more harmful to coral recovery than other macroalgal species.   
Table11. Summary of experimental findings, (+) positive response, (-) negative response, (NE) No 
effect, and blank cells represent a treatment that was not present 
Experimental Objectives Dictyotaceae Laurencia 
intricata 
Mimic 
Expt. 1. Larval swimming behavior in Water 
column 
Dictyota (-) 
Dictyopteris (+) + NE 
Expt. 2. Reef chamber settlement   NE NE 
Expt. 3. Latent effect on post-settlement survival   NE NE 
Expt. 4. Larval settlement preference  - + + 
Expt. 5. Long-term post-settlement survival NE + + 
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Chemical and physical cues most likely contributed to the differences observed in 
coral larval settlement between Laurenica and Dictyopteris. It appears that L. intricata 
releases chemical compounds that trigger larval swimming behavior but it is uncertain if 
those chemicals enhance settlement and trigger metamorphosis, similar to CCA. It is 
clear, however, that L. intricata does not release chemicals that deter larval settlement. 
All of the tiles were conditioned for at least four weeks and were colonies by biofilm and 
some CCA, a settlement enhancer (Morse and Morse 1996). Based on my results it 
appears that L. intricata is not releasing additional chemical cues that enhance larval 
settlement. This would explain why settlement was the same across all treatments for the 
reef chambers. The chemical cues from CCA were the dominant cue causing similar 
settlement trends across the control, mimic, and L. intricata treatments.  
Coral larvae can sense light irradiance to find shaded habitat (Fadlallah 1983; 
Mundy and Babcock 1998; Raimondi and Morse 2000) and use microtopography of the 
substrate to settle in cryptic locations (Whalan et al. 2015). Algal structure provides a 
refuge from predation and this may explain why coral prefer settlement under some 
structure types despite negative impacts from shading or abrasion (Venera-Ponton et al. 
2011). Macroalgal morphology can also deter coral settlement, with some species 
occupying more of the substrate preventing coral larvae from settling (Box and Mumby 
2007). Here, when providing larvae a choice between settlement substrate, the structure 
played a factor in determining larval settlement. Porites astreoides larvae preferred to 
settle under the structure of L. intricata or the mimic, but not Dictyopteris, which seems 
to have an unfavorable structure and/or releases allelopathic chemicals to deter 
settlement. The mimic used in this study was representative of Laurencia’s morphology 
indicating that larvae may prefer the round branching structure over the flat, broad 
structure of Dictyopteris.  This may also play a role in identifying structure of the 
macroalgae, eventually leading to decreased settlement next to Dictyopteris or increased 
settlement next to Laurencia. The morphology of the mimic may dictate the larval 
response. If it occupies more space on the substrate, it may prevent larval settlement 
rather than creating beneficial habitat (Diaz-Pulido et al. 2010). This may explain why 
other studies found coral settlement was not enhanced by algal structure (Tanner 1995), 
but instead it occupied more of the substrate preventing larval settlement rather than 
creating a refuge (Diaz-Pulido et al. 2010). 
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Although it appears that the physical cue of the macroalgae influences settlement, 
the release of chemical compounds that enhance or deter settlement and survival cannot 
be dismissed. Along with the unfavorable algal morphology, the allelopathic compounds 
released by Dictyopteris (Hay et al. 1988) may explain the reduced larval settlement. The 
chemical cues released by Laurenica may be promoting coral settlement in conjunction 
with the favorable structure of Laurencia. This combination of chemical and physical 
cues may potentially increase coral settlement on a phase-shifted reef dominated by L. 
intricata and decrease coral settlement on a D. delicatula dominated reef. Although the 
mimic and L. intricata enhanced settlement due to their structure, L. intricata had the 
added benefit of releasing chemical cues to initiate the downward swimming motion, 
drawing larvae to the substrate for settlement. Dictyotaceae also triggered coral larval 
downward swimming, but decreases coral larval settlement. The positive effect of 
Laurenica and the negative effect of Dictyotaceae on coral settlement is amplified by 
their influence on coral spat post-settlement survival.    
 Coral larvae that settle next to L. intricata did not experience decreased post-
settlement survival, but Dictyotaceae decreased spat survival. Macroalgal structure is 
documented to decrease survival from shading and abrasion (Rivers and Edmunds 2001; 
Box and Mumby 2007). Macroalgae morphology could explain the difference in these 
findings; broader and flatter thalli morphology, characteristics of Dictyotaceae, shield 
more sunlight and have more surface area to catch the wave action, increasing abrasion 
(Box and Mumby 2007).  However, allelopathic compounds cannot be ruled out as the 
culprit for decreased coral post-settlement survival. Laurencia intricata’s morphology is 
quite different from the macroalgae used in these studies. The thalli are round and blunt 
resulting in more light penetration and less abrasion due to rounded thallus catching less 
wave action (Box and Mumby 2007). Macroalgae morphology may explain the species 
specific survival differences on coral larvae, but it does not explain why larval survival in 
the control treatment was lower.  However, when the structure is absent on the control 
treatments, which leads to higher exposure to sunlight and ultraviolet radiation (UV).  
Increased UV exposure may also explain the variability observed during latent post-
settlement survival were the control experienced higher survival than the structured 
treatments. The structure was removed exposing coral spats to higher UV decreasing 
their survival. Sunlight is important for photosynthesis and coral calcification, but too 
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much can cause photoinhibition, requiring more energy for photosynthesis and eventually 
decreasing survival (Hoogenboom et al. 2006). Larvae show a preference to settle under 
lower UV exposure to increase survival, suggesting that too much UV can cause 
mortality (Gleason et al. 2005).  
My findings demonstrate that L. intricata is not decreasing and Dictyotaceae is 
decreasing the preferred habitat for P. astreoides larvae on South Florida reefs. This is 
particularly helpful as Laurencia (Stacy Prekel, unpublished) and Dictyotaceae (Lirman 
and Biber 2000) show seasonal fluctuation on South Florida reefs which coincide with 
peak planular release of P. astreoides (Chornesky and Peter 1987; McGuire 1998; 
Kuffner et al. 2006). A Dictyotaceae phase-shift could be more detrimental to coral reef 
recovery than a Laurenica dominated reef. Laurencia may benefit coral recruitment on 
Florida reefs by not hindering coral settlement or survival like Dictyotaceae. It should be 
noted that other phase-shift organismal states, e.g. soft coral, sponge, and 
corallimorpharian, may have differing effects on coral reef recovery as well. Soft corals 
and sponges quickly colonize reefs after coral decline, with sponges rapidly overgrowing 
the remaining coral colonies, but corallimorpharian transition is a slower and less drastic 
transition (Norström et al. 2009). The same can be expected by different macroalgae 
species dominating the substrate. I identified differing coral settlement cues in two 
common macroalgae species associated with macroalgal phase-shifts. This suggests that 
coral recovery is not just dependent upon reducing macroalgal growth but specific 
macroalgal species. Ultimately, more investigation into how different species of 
macroalgae affect coral larvae recruitment is vital for a comprehensive understanding of 
the coral reef community and conservation.   
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CHAPTER 3: DISCUSSION 
3.1 Results overview 
The red macroalga, Laurencia intricata, either enhanced or had a neutral effect 
on larval swimming behavior, settlement, and post-settlement survival. Prior to coming 
into contact with the substrate, it appears that coral planulae exhibit the same behavior 
when exposed to L. intricata, CCA, and Dictyopteris justii. However, D. delicatula was 
identified as a coral larval deterrent. Coral larvae may be initially attracted to 
compounds that both facilitate and inhibit larval settlement and survival because they 
signal the presences of a coral reef. My results suggest the structure instead of the 
chemical cues released by L. intricata cause higher larval settlement and most likely 
enhances survival. Coral larvae prefer to settle in cryptic environments, and the algal 
structure may serve as a refuge from grazing, predation, and UV radiation.  
3.2 Experimental Obstacles  
In my June 26, 2014 reef settlement experiment, there were a significantly higher 
number of metamorphosed larvae in the water column than other months. An increase in 
metamorphosed larvae in the water column may be a response to stress associated with 
elevated water temperatures. The water temperature from June 26-28, 2014, was 30.9º C 
when the settlement chambers were in the field, which was unusually high for that time 
of year. Similarly, this was also observed with coral larvae from Pocillopora damicornis. 
When newly settled larvae became stressed, they would release from the substrate, 
resembling their initial larval stage with the ability to resettle (Richmond 1985). Porites 
astreoides larvae exposed to elevated temperatures experience premature metamorphosis 
and a decrease in photosynthetic ability, leading to increased mortality (Edmunds et al. 
2001). The increase in metamorphosed larvae in the water column may eventually lead to 
lower coral recruitment as it is unknown whether or not P. astreoides re-attached. 
Although high-water temperatures are known to decreases P. astreoides larval settlement 
(Olsen et al. 2015), the temperature in June 2014 did not affect overall coral larval 
settlement.  Ocean temperatures are predicted to increase due to global climate change; 
coral cover and recruitment will most likely continue to decline as water temperatures 
continue to rise (Baker et al. 2008).  
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Coral larval settlement preference in April 2015 experienced decreased settlement 
compared to June 2014; most likely due to overgrowth by cyanobacteria. Coral larvae 
experience decreased settlement and survival next to cyanobacteria (Kuffner and Paul 
2004; Kuffner et al. 2006; Paul et al. 2005; Morrow et al. 2011) and the same results 
were observed during the April 2015 larval settlement preference. Overgrowth occurred 
at the treatment attachment interface. The algal treatments, L. intricata and D. justii, 
experienced the highest number of tiles overgrown. Dictyopteris justii treatments had 
zero top settlement, and L. intricata experienced an average top settlement less than 1%. 
This data was removed from my final analysis due to the impact of cyanobacteria’s effect 
on settlement. Cyanobacteria decreased top recruitment for P. astreoides larvae to under 
5% (Kuffner et al. 2006) and my results were drastically lower, which might be attributed 
to cyanobacteria-macroalgae competition for space causing both organisms to chemically 
defend against one another. Different abiotic and biotic stressors can influence the 
abundance and compound structure of the chemical defense released by macroalgae 
(Gross 2003).  Coral larvae respond to a complex combination of chemical cues for 
recruitment (Morse and Morse 1996) and may respond to these new combinations of 
compounds differently than they would if exposed to them separately. It has been 
identified that corals respond synergistically to two compounds released from CCA than 
they would to each compound separately (Kitamura et al. 2007). Coral larvae respond 
synergistically to deterrent stressors, such as allelopathic chemicals from cyanobacteria 
and higher ocean temperatures. Together, these stressors drastically decrease coral 
settlement (Ritson-Williams et al. 2016). It is conceivable that deterrence compounds 
from two different sources may have a combined effect on coral larvae. Further 
investigation is required to identify how competition between macrophytes affect 
allelopathic compounds and their effect on coral settlement and survival. 
3.4 Larvae Behavior in Water Column 
Contrary to the hypothesis that allelopathic compounds deter coral larvae, the 
larvae were attracted to Dictyopteris when exposed to chemical cues from the algae. 
Larval swimming behavior remained the same in the presence of Dictyopteris justii, L. 
intricata and unidentified CCA. These results were surprising since Dictyopteris 
delicatula release chemical compounds to deter herbivory and epiphytic growth, 
compounds known to deter coral larvae settlement in other macroalgal species (Hay et al. 
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1988). Porites astreoides larval settlement response to L. intricata was unknown until 
this study identified that L. intricata does not deter settlement, but rather enhances coral 
settlement by releasing chemical cues and providing amenable structure Initially, coral 
larvae may respond to chemical cues from the reef habitat as they identified where 
settlement substrate is located, and then became more selective when deciding where to 
permanently settle. Gleason et al. (2009) found that water collected from a healthy reef 
and a macroalgae phase-shifted reef both resulted in more coral larvae at the bottom, than 
water collected from the open ocean: suggesting that coral larvae respond to the presence 
of the reef, regardless of its state.  
Dictyota pfaffii-humifusa complex did not attract coral larvae to the bottom, 
contradicting the previous hypothesis that all chemical cues from the reef habitat identify 
where substrate is located. Prior to this study, it was unknown how coral larvae react to 
D. pfaffii-humifusa complex, although it has strong antifouling and inhibitory compounds 
(Stirk et al. 2007) suggest it would be harmful to corals. Since larval swimming behavior 
for the control, mimic, and D. pfaffii-humifusa complex were similiar, coral larvae may 
respond to deterrent cues similarly to the absence of chemical cues. Another explanation 
may be that P. astreoides larvae do not respond to the chemical cues released by D. 
pfaffii-humifusa complex. This may indicate that there are some compounds from coral 
reefs that do not trigger the downward larval swimming behavior. Coral species are 
known to respond differently to various macroalgae species (Diaz-Pulido et al. 2010) and 
P. astreoides larvae may respond differently to D. pfaffii-humifusa complex.   
Since D. pfaffii-humifusa complex and D. justii are part of the Dictyotaceae 
family and similarly deter coral settlement between species of this family, the D. pfaffii-
humifusa complex and D. justii treatments were combined. Laurencia intricata and 
Dictyotaceae treatments resulted in a higher proportion of larvae at the bottom of the 
cylinders when compared to the control. These results further support the hypothesis that 
coral larvae are attracted to chemical cues from any reefs, regardless if it is degraded or 
dominated by algae. Coral-macroalgae interactions are species-specific, (Birrell et al. 
2008b; Diaz-Pulido et al. 2010; Paul et al. 2011; Denis et al. 2014; Olsen et al. 2016) and 
identifying which positive and negative cues trigger larval swimming behavior will 
require more investigation. 
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After larvae find a reef habitat, their search for substrate is more selective. Larvae 
avoid allelopathic compounds when selecting substrate (Birrell et al. 2008b). I found that 
coral larvae avoided D. delicatula and settled on other substrates. Coral larvae can 
distinguish between macroalgae and CCA (Dixson et al. 2014), even between different 
CCA species, with certain species preferred over others (Ritson-Williams et al. 2009). 
Increased selectiveness is advantageous to corals, especially since corals are influenced 
by the surrounding organisms, and where they settle ultimately determines the coral 
larvae’s success (Bak and Engel 1979). Coral-macroalgae interactions are species-
specific for both algae and corals (Birrell et al. 2008b; Denis et al. 2014; Diaz-Pulido et 
al. 2010; Olsen et al. 2016; Paul et al. 2011) and identifying P. astreoides larval response 
to attractant and deterrent cues will require more investigation.  
3.5 Macroalgae Structure and Coral Larvae Settlement  
Porites astreoides larvae preferred to settle under algal structure, either L. 
intricata or the mimic, affecting settlement location when provided a choice between 
substrate.  This is most likely due to shading and the creation of a cryptic habitat by the 
algal structure increasing top settlement, since this is where the structure is located. Algal 
structure also provides the added benefit of creating a refuge from predation and 
increased survival (Venera-Ponton et al. 2011). Most coral larvae prefer to recruit to low 
irradiance and shaded habitats (Fadlallah 1983; Mundy and Babcock 1998; Raimondi and 
Morse 2000). Macroalgae morphology not only affects the level of irradiance, shading, 
and protection, but also causes tissue damage from abrasion, reducing coral recruitment 
(Jompa and McCook 2003). Despite the negative effect associated with settling next to 
macroalgal structure, I observed enhanced settlement when sufficient substrate was 
available.  
Contrary to larval settlement preference, when one settlement substrate was 
presented to P. astreoides larvae in the field, I observed that settlement location was not 
altered. This could be a result of limited settlement substrate, requiring recruitment to 
occur in unfavorable locations, i.e. substrate without shading. Another reason may be that 
CCA is a potent settlement enhancer (Morse and Morse 1996) and that the chemical cues 
from CCA were the dominant factors that caused the same settlement across the control, 
mimic, and L. intricata treatments even though the control lacked any top structure. The 
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percentage of P. astreoides settled on the control treatments (46.6 ± SE 5.1%) was 
similar to comparable studies on macroalgae’s effect on larval settlement (Kuffner et al. 
2006; Paul et al. 2011). Therefore, the conditioned substrate offered to P. astreoides 
larvae was suitable for settlement and did not alter the results. Other studies found no 
influence on settlement when comparing the control (Paul et al. 2011), plastic mimic, and 
some macroalgae treatments (Nugues and Szmant 2006; Paul et al. 2011; Olsen et al. 
2016). Another study identified that the plastic mimic increased top recruitment when 
compared to the blank control and macroalgae treatments (Kuffner et al. 2006). This may 
be from the various coral species responding to macroalgae morphology and structure 
differently. 
When providing larva a choice between settlement substrate, I found the structure 
played a larger factor in determining larval settlement. My findings are the first to 
identify a macroalgae species that increased coral recruitment. In June 2014, I observed 
L. intricata promoting coral settlement by creating a desirable cryptic habitat with its 
structure. This was not consistently observed between June 2014 and May 2015 trials. 
May 2015 larval settlement preference had a lower sample size and this may have 
resulted in the inability of L. intricata to enhance top settlement in the same treatment 
pairing. I hypothesize that the structure of L. intricata is enhancing recruitment due to the 
similar morphology the mimic shares with L. intricata. Depending on the mimic 
morphology, this could lead to the development of a less cryptic habitat (Diaz-Pulido et 
al. 2010). This may also explain why some mimics do not increase settlement in other 
experiments, but instead the mimic may occupy more space during settlement, decreasing 
coral recruitment (Tanner 1995).  
Macroalgae morphology may explain why settlement was deterred by D. 
delicatula, although the presence of allelopathic compounds cannot be ruled out. 
Dictyopteris delicatula morphology is similar to many Dictyota spp., possessing almost 
ribbon-like, flattened thallus branches. This morphology tends to oscillate more due to its 
broader shaped thalli, leading to higher abrasion (Box and Mumby 2007). Larvae may 
have developed an ability to recognize compounds released by macroalgae that have high 
abrasion capability and established an avoidance behavior. The effect the genus 
Dictyopteris has on coral settlement was not investigated prior to my research, but other 
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genera in the family Dictyotaceae have, (Kuffner et al. 2006; Box and Mumby 2007; 
Diaz-Pulido et al. 2010) and were identified to deter settlement and decrease survival of 
corals. Dictyopteris delicatula releases chemical defenses to deter herbivory and 
epiphytic growth, similar to other macroalgal species that deter larval settlement (Hay et 
al. 1988).  Taken together, there is reason to believe that Dictyopteris might also release 
compounds that deter settlement and help explain the results in this study.  
3.6 Latent and Long-term Polyp Survival 
I observed stark differences between spat post-settlement survival. The latent 
post-settlement survival showed no true pattern between treatments and long-term post-
settlement survival showed clear and consistent patterns among treatments. Latent post-
settlement survival (exposed to macroalgae during settlement only) varied between 
location and months, while long-term macroalgal exposure did not vary. Removing the 
macroalgae reduces shading and increases UV exposure to the coral spat and this may 
contribute to decreased survival (Gleason et al. 2005; Hoogenboom et al. 2006) and to 
the variability observed. The larvae used in latent post-settlement survival experiment 
were also placed into the field for settlement, exposing them to an array of environmental 
factors (Gleason and Hofmann 2011) that were not experienced by the coral in the long-
term exposure experiment. In April 2015 during the latent experiment, survival on the top 
of tiles was 50% lower than May 2015. It is not clear why there is a drastic difference 
between these two months. One possibility is that the parent corals were collected from 
different reefs separated by 70 km and could have variability in fitness and environmental 
stress. The exposure to environmental conditions can explain the variability in post-
settlement survival (Vermeij et al. 2006). The one takeaway from the latent research is 
that recruiting next to L. intricata is no more harmful to newly settled coral survival than 
the plastic mimic or the control. 
Surprisingly, in the long-term exposure experiment survival next to the plastic 
mimic or L. intricata showed a clear advantage. One study showed macroalgae benefits 
coral larval survival by providing a refuge from herbivory outweighing the negative 
effects associated with algae (Venera-Ponton et al. 2011). Usually, macroalgal structure 
leads to decreased survival from shading and abrasion (Rivers and Edmunds 2001; Box 
and Mumby 2007), but macroalgal morphology is an overlooked factor that influences 
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the structure’s impact on coral spat survival. Broader and flatter thalli tend to shield more 
sunlight and provide more surface area to catch the wave action to increase abrasion (Box 
and Mumby 2007).  Laurencia intricata’s morphology is quite different from the 
macroalgae used in these studies. The thalli of L. intricata are round and blunt, resulting 
in more light penetration and less abrasion, possibly due to the rounded thallus moving 
less in high energy environments. Other macroalgae morphology used in studies were 
flat, with wide branching thalli, blocking more light and moving more in high energy 
environments. The algal mimic resembles L. intricata’s morphology, but the plastic is 
more rigid than the microalgae, potentially causing less damage to corals from abrasion 
because the individual branches did not move (Rivers and Edmunds 2001; Box and 
Mumby 2007). This more rigid structure could explain why survival was higher on the 
mimic than L. intricata. However, this does not explain why the control treatment 
survival was lower. Structure was absent on the blank control treatments perhaps leading 
to higher exposure to ultraviolet radiation (UV). Sunlight is important for photosynthesis 
and coral calcification, but too much can cause photoinhibition, requiring more energy 
for photosynthesis and eventually decreasing survival (Hoogenboom et al. 2006). Larvae 
show a preference to settle under lower UV exposure to increase survival, indicating that 
too much UV can cause mortality (Gleason et al. 2005).  Although anecdotal during post-
settlement survival treatment tiles developed a cyanobacteria film that appeared to be 
more frequent on the control tiles than the other treatments. Cyanobacteria decreases 
coral larvae survival (Kuffner et al. 2004; Kuffner et al. 2006) and higher light exposure 
can enhance cyanobacteria’s growth (Reuter and Müller 1993) contributing to lower 
survival of the control treatments. 
During long-term post-settlement survival, the macroalgae was replaced when 
their health started to degrade. The D. delicatula was not consistently the same species 
during the experiment due to the difficulty identifying Dictyotaceae in the field.  There 
was a total of three different species used during the 8-week study and the exact impact 
of these species remains unknown. The overall trend of these brown algae decreased P. 
astreoides survival when compared to the plastic mimic. The brown algae used during 
this experiment shared similar morphology and was the reason for misidentifying these 
species as each other. There was a sharp decline of 40% survival during the first week 
next to D. delicatula. This could be a result of allelopathic compounds or abrasion and 
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shading by the macroalgae thalli. The morphology of D. delicatula has the characteristics 
of high abrasion and blocking sunlight (Rivers and Edmunds 2001). If the morphology 
was to blame for the decreased survival, then the other species would likely cause 
decreased survival as well. Larvae were exposed again to D. delicatula during week five, 
but was mixed with Canistrocarpus cervicornis and contributed to a decrease in post-
settlement survival. I propose that D. delicatula is the main driver causing the mortality 
of newly settled polyps, possibly from allelopathic compounds. Canistrocarpus 
cervicornis effect on coral larvae is unknown. The other macroalgae used here, Dictyota 
cf. pulchella, was not included in my larval manipulation experiments, but did not affect 
survival in other studies (Kuffner et al. 2006).    
3.7 Unanticipated Findings 
For the first time this study found that D. delicatula, and possibly the genera 
Dictyopteris, negatively affected coral larvae recruitment. This genus is rarely reported 
on, but a couple of coral reef studies have documented the genus as a dominant 
macroalgae (Cole et al. 2008; Downie et al. 2013) indicating that Dictyopteris has the 
potential to interact with corals. I provided evidence that D. delicatula deterred P. 
astreoides settlement and is potentially decreased post-settlement survival. The 
mechanisms at which this macroalgae is affecting coral larvae was not determined within 
the scope of this research, but is likely from allelopathic compounds or physical 
interference. Pairing Dictyopteris with Laurencia resulted in lower settlement on 
Laurencia compared to when Laurencia paired with the control. This may be due to 
compounds released by Dictyopteris, but cannot be confirmed as the mimic paring with 
Laurencia did not differ from the either paired treatments. Additionally, all other 
treatments paired with Dictyopteris experienced no difference in larval settlement. There 
may be an interaction between the compounds released by Laurencia and Dictyopteris 
that could be affecting larval settlement similarly as the April 2015 cyanobacteria 
invasion of macroalgal treatments resulted in lower settlement than cyanobacteria alone 
(Kuffner et al. 2006). A similar response was observed by exposing the coral larvae to 
allelopathic compounds and increased temperature, which lead to a drastic reduction in 
coral larvae settlement compared to each stressor individually (Ritson-Williams et al. 
2016). Although no study observed two macroalgae species and their combined effect on 
61 
 
larval settlement, it is conceivable that larvae change their behavior when two different 
chemical cues are present. This could help to explain why the side of the tile settlement 
was higher on the Dictyopteris treatment when paired with Laurencia and was not 
observed in any other treatment pairing.  
Habitat selection is critical to subsequent survival of the coral into adulthood, 
since the location determines the environmental conditions experienced throughout its 
life history (Baird et al. 2003). Our knowledge of the complexity and selectiveness of 
coral larval choice in habitat selection continues to expand, as it is becoming more 
apparent that coral species and other sessile marine invertebrate larvae respond 
differently (Walters et al. 1996). For example, Padina sp enhances Acropora muricata 
(Denis et al. 2014) and Acropora tenuis (Dixson et al. 2014) larval settlement, but 
Acropora millepora is deterred by this macroalgae (Birrell et al. 2008b). Sargassum 
muricatum increases settlement of A. millepora (Denis et al. 2014), but deterred 
Platygyra daedalea (Pulido-Diaz et al. 2010). Acropora. millepora enhances settlement 
when exposed to L. variegata (Birrell et al. 2008b) but P. astreoides (Kuffner et al. 2006) 
and P. daedalea (Diaz-Pulido et al. 2010) are deterred by the macroalgae. Diaz-Pulido et 
al. (2010) found that all fleshy algae they exposed P. daedalea larvae to were deterred by 
the algae, including the plastic mimic. Some coral species are deterred from settling by 
algal structure while other species prefer structure depending on the macroalgae species 
(Birrell et al. 2008b). Platygyra daedalea was deterred by L. intricata’s structure (Diaz-
Pulido et al. 2010), but I found that P. astreoides larvae preferred L. intricata’s structure 
leading to increased settlement on the top of the tile. At least one species was shown to 
settle on the algal structure over the substrate.  Olsen et al. (2016) identified that neither 
P. astreoides nor Acropora palmata larvae were deterred or enhanced by Halimeda 
opuntia, but a significant amount of P. astreoides larvae chose to settle on the surface of 
the macroalga, eventually leading to coral mortality as the macroalga grows (Nugues and 
Szmant 2006; Olsen et al. 2016). It is not surprising that coral species are selective when 
it comes to habitat choice, coral recruitment location is species-specific and corals are 
particularly tuned to a preferred habitat (Baird et al. 2003). 
Finally, identifying that larval swimming behavior varies depending on when they 
are released was not expected. The results indicated that a higher proportion of larvae 
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explored the bottom four days after coral colony collection when compared to one and 
two days after collection in June and similar variation occurred in April 2015, with a 
higher proportion of larvae exploring the bottom the first day after collection compared to 
larvae two days after collection. Larvae vary in their susceptibly to environmental 
stressors by their day released (Cumbo et al. 2013). Larval swimming behavior may also 
vary between coral larvae and the day they are released. It is possible that fewer colonies 
releasing planulae as larval collection goes on, leading to a higher proportion of larvae 
from one colony that may show preference towards a downward swimming behavior. 
3.8 Macroalgae Impact on Coral Reefs  
I further demonstrated that L. intricata is not decreasing and Dictyotaceae is 
decreasing the preferred habitat for P. astreoides larvae on South Florida reefs.  This is 
particularly important because Laurencia (Stacy Prekel, unpublished) and some species 
from the family Dictyotaceae (Lirman and Biber 2000) show seasonal fluctuation on 
South Florida reefs coinciding with peak planula release of P. astreoides (Chornesky and 
Peter 1987; McGuire 1998; Kuffner et al. 2006). A high Laurencia abundance could 
result in higher recruitment of corals to Florida reefs and improve juvenile coral survival. 
Unlike Laurencia, Dictyotaceae macroalgae occurring during peak planular release 
would negatively affect P. astreoides larval recruitment, reducing settlement and polyp 
survival. Laurencia spp. cover was observed as high as 52% (Stacy Prekel, unpublished) 
and Dictyota spp., Dictyotaceae family, cover was observed as high as 40%. Both percent 
covers were high enough to influence coral recruitment. If Dictyotaceae algae have 
higher cover than Laurencia during P. astreoides settlement, any benefit of Laurencia 
could be negated.  
 The final benefit gained by larvae settling next to Laurencia may improve 
survival during bleaching. Shading by macroalgae during mass bleaching has been shown 
to increase survival in juvenile corals, but this is usually viewed as short-term benefit due 
to the negative impacts associated with macroalgae (Birrell 2003). Because L. intricata 
did not decrease P. astreoides polyp survival, there would be no long-term impacts 
correlated to settling next to the algae. Shading by Dictyotaceae during bleaching events 
is viewed as a short-term benefit due to the allelopathic compounds released by several 
species in this family (Kuffner et al. 2006; Box and Mumby 2007; Paul et al. 2011). This 
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becomes particularly important as the frequency of mass bleaching events increases due 
to rising ocean temperatures, contributing to coral decline (Hoegh-Guldberg et al. 2007; 
McWilliams et al. 2005). Dictyotaceae phase-shift is more detrimental to coral reef 
recovery than a Laurencia dominated reef.  
3.9 Conclusion 
Overall, this study is the first to reveal the macroalgae, L. intricata, to enhance 
settlement and survival of P. astreoides larvae. Additionally, myresults imply that P. 
astreoides larval swimming behavior shows a preference to both attractant and deterrent 
chemical cues when trying to locate a coral reef. Furthermore, D. delicatula was 
identified as a deterrent to coral settlement and survival that warrants further study. 
Laurencia intricata seasonal increase coinciding with P. astreoides planular release has 
the potential to enhance coral recruitment and may counter some of the negative effects 
of macroalgae phase-shift and aid in coral reef recovery. Investigating other coral 
species’ recruitment success next to L. intricata will ultimately determine its ecological 
impact to phase-shifted reefs.       
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Appendix  
Taxonomic identification of Dictyotaceae voucher specimens collected off Broward County, along 
with their corresponding week introduced to survival treatments and date collected 
Choice Voucher Species Identification Week Replaced 
Dictyopteris delicatula 1 
Dictyota cf. pulchella 4 
Pool: Dictyopteris delicatula, Canistrocarpus cervicornis 5 
Canistrocarpus cervicornis 6 
Dictyota cf. pulchella 7 
Dictyota cf. pulchella 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
65 
 
Reference 
Alevizon, W. S., & Porter, J. W. (2014). Coral loss and fish guild stability on a Caribbean 
coral reef: 1974–2000. Environmental Biology of Fishes, 98(4), 1035-1045. 
doi:10.1007/s10641-014-0337-5 
Anlauf, H., D'Croz, L., & O'Dea, A. (2011). A corrosive concoction: the combined 
effects of ocean warming and acidification on the early growth of a stony coral 
are multiplicative. Journal of Experimental Marine Biology and Ecology, 397(1), 
13-20. doi:10.1016/j.jembe.2010.11.009 
Baird, A. H., Babcock, R. C., & Mundy, C. P. (2003). Habitat selection by larvae 
influences the depth distribution of six common coral species. Marine Ecology 
Progress Series, 252, 289-293. doi:10.3354/meps252289 
Bak, R. P. M., & Engel, M. S. (1979). Distribution, abundance and survival of juvenile 
hermatypic corals (Scleractinia) and the importance of life history strategies in the 
parent coral community. Marine Biology, 54(4), 341-352. 
doi:10.1007/BF00395440 
Baker, A. C., Glynn, P. W., & Riegl, B. (2008). Climate change and coral reef bleaching: 
an ecological assessment of long-term impacts, recovery trends and future 
outlook. Estuarine Coastal and Shelf Science, 80(4), 435-471. 
doi:10.1016/j.ecss.2008.09.003 
Barott, K., Smith, J., Dinsdale, E., Hatay, M., Sandin, S., & Rohwer, F. (2009). 
Hyperspectral and physiological analyses of coral-algal interactions. PLoS ONE, 
4(1). doi:http://dx.doi.org/10.1371/journal.pone.0008043 
Beaver, C.R., Jaap, W.C., Callahan, M.K., Kidney, J., Slade, S., Kupfner, S., Wade, S., 
Porter, J.W., Tsokos, C., Yanev, G., 2006. U.S. EPA/FKNMS coral reef 
evaluation and monitoring project. U.S. Department of Commerce, National 
Oceanic and Atmospheric Administration, National Ocean Service, Office of 
National Marine Sanctuaries, Florida Keys National Marine Sanctuary, 
Marathon, FL, pp. 65–80 
Bell, P., Elmetri, I., & Lapointe, B. (2014). Evidence of large-scale chronic 
eutrophication in the Great Barrier Reef: quantification of chlorophyll a 
thresholds for sustaining coral reef communities. AMBIO A Journal of the Human 
Environment, 43(3), 361-376. doi:10.1007/s13280-013-0443-1 
Belliveau, S. A. & Paul, V. J. (2002). Effects of herbivory and nutrients on the early 
colonization of crustose coralline and fleshy algae. Marine Ecology Progress 
Series, 232, 105-114.  
Bellwood, D. R., Hughes, T. P., Folke, C., & Nystrom, M. (2004). Confronting the coral 
reef crisis. Nature, 429(6994), 827-833. doi:10.1038/nature02691 
 
66 
 
Birrell, C. L. (2003). Influences of benthic algae on coral settlement and post-settlement 
survival: implications for the recovery of disturbed and degraded reefs. James 
Cook University.    
Birrell, C. L., McCook, L. J., Willis, B. L., & Diaz-Pulido, G. A. (2008a). Effects of 
benthic algae on the replenishment of corals and the implications for the resilience 
of coral reefs. Oceanography and Marine Biology: An Annual Review, 46, 25-63 
Birrell, C. L., McCook, L. J., Willis, B. L., & Harrington, L. (2008b). Chemical effects of 
macroalgae on larval settlement of the broadcast spawning coral Acropora 
millepora. Marine Ecology Progress Series, 362, 129-137. 
doi:10.3354/meps07524 
Boettcher, A. A., & Targett, N. M. (1996). Induction of metamorphosis in queen conch, 
Strombus gigas Linnaeus, larvae by cues associated with red algae from their 
nursery grounds. Journal of Experimental Marine Biology and Ecology, 196(1-2), 
29-52. doi:10.1016/0022-0981(95)00101-8 
Boettcher, A. A., & Targett, N. M. (1998). Role of chemical inducers in larval 
metamorphosis of queen conch, Strombus gigas Linnaeus: relationship to other 
marine invertebrate systems. Biological Bulletin, 194(2), 132-142. 
doi:10.2307/1543043 
Bohnsack, J. A., Harper, D. E., & McClellan, D. B. (1994). Fisheries trends from Monroe 
County, Florida. Bulletin of Marine Science, 54(3), 982-1018.  
Bonaldo, R. M., & Hay, M. E. (2014). Seaweed-coral interactions: variance in seaweed 
allelopathy, coral susceptibility, and potential effects on coral resilience. PLoS 
ONE, 9(1), e85786. doi:10.1371/journal.pone.0085786 
Bridge, T. C. L., Hughes, T. P., Guinotte, J. M., & Bongaerts, P. (2013). Call to protect 
all coral reefs. Nature Climate Change, 3(6), 528-530. doi:10.1038/nclimate1879 
Brown, E. B. (1996). Coral bleaching: causes and consequences. Coral Reefs, 16(1), 
S129-S138. doi:10.1007/s003380050249 
Bruckner, A. W. (2002). Life-saving products from coral reefs. Issues in Science and 
Technology, 18(3).  
Bruno, J. F., Sweatman, H., Precht, W. F., Selig, E. R., & Schutte, V. G. W. (2009). 
Assessing evidence of phase shifts from coral to macroalgal dominance on coral 
reefs. Ecology, 90(6), 1478-1484. doi:10.2307/25592649 
Butler, M. J., & Herrnkind, W. F. (1991). Effects of benthic microhabitat cues on the 
metamorphosis of pueruli of the spiny lobster Panulirus argus. Journal of 
Crustacean Biology, 11(1), 23-28.  
Butler, M. J., Herrnkind, W. F., & Hunt, J. H. (1997). Factors affecting the recruitment of 
juvenile Caribbean spiny lobsters dwelling in macroalgae. Bulletin of Marine 
Science, 61(1), 3-19.  
67 
 
Carpenter, R. C., & Williams, S. L. (1993). Effects of algal turf canopy height and 
microscale substratum topography on profiles of flow speed in a coral forereef 
environment. Limnology and Oceanography, 38(3), 687-694. 
doi:10.4319/lo.1993.38.3.0687 
Cecere, E., Petrocelli, A., & Verlaque, M. (2011). Vegetative reproduction by 
multicellular propagules in Rhodophyta: an overview. Marine Ecology, 32(4), 
419-437. doi:10.1111/j.1439-0485.2011.00448.x 
Cesar, H., Burke, L., & Pet-Soede, L. (2003). The economics of worldwide coral reef 
degradation. Cesar Environmental Economics Consulting, 1-24.   
Chiappone, M., & Sullivan, K. M. (1996). Distribution, abundance and species 
composition of juvenile scleractinian corals in the Florida Reef Tract. Bulletin of 
Marine Science, 58(2), 555-569.  
Chong-Seng, K. M., Graham, N. A. J., & Pratchett, M. S. (2014). Bottlenecks to coral 
recovery in the Seychelles. Coral Reefs, 33(2), 449-461. doi:10.1007/s00338-014-
1137-2 
Chornesky, E. A., & Peters, E. C. (1987). Sexual reproduction and colony growth in the 
scleractinian coral Porites astreoides. The Biological Bulletin, 172(2), 161. 
doi:10.2307/1541790 
Coles, S. L., Giuseffi, L., & Hutchinson, M. (2008). Assessment of species composition, 
diversity and biomass in marine habitats and subhabitats around offshore islets in 
the main Hawaiian Islands. Bishop Museum Technical Report, 39, 1-72.  
Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., 
Naeem, S., O’Neill, R. V., Paruelo, J., Raskin, R. G., Sutton, P., & van den Belt, 
M. (1997). The value of the world’s ecosystem services and natural capital. 
Nature, 387, 253-260.  
Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R., & Lappin-Scott, H. 
M. (1995). Microbial biofilms. Annual Review of Microbiology, 49(1), 711-745. 
doi:10.1146/annurev.mi.49.100195.003431 
Coyer, J. A., Ambrose, R. F., Engle, J. M., & Carroll, J. C. (1993). Interactions between 
corals and algae on a temperate zone rocky reef: mediation by sea urchins. 
Journal of Experimental Marine Biology and Ecology, 167(1), 21-37. 
doi:http://dx.doi.org/10.1016/0022-0981(93)90181-M 
Crosset, K. M., Culliton, T. J., Wiley, P. C., & Goodspeed, T. R. (2004). Population 
trends along the coastal United States: 1980-2008. U.S. Department of Commerce 
National Oceanic and Atmospheric Administration, 1-54 
Cumbo, V. R., Edmunds, P. J., Wall, C. B., & Fan, T.-Y. (2013). Brooded coral larvae 
differ in their response to high temperature and elevated pCO2 depending on the 
day of release. Marine Biology, 160(11), 2903-2917. doi:10.1007/s00227-013-
2280-y 
68 
 
Davis, M. (1994). Short-term competence in larvae of queen conch Strombus gigas: shifts 
in behavior, morphology and metamorphic response. Marine Ecology Progress 
Series, 104(1-2), 101-108. doi:10.3354/meps104101 
Davis, M. S., A. W. (1994). Trophic cues induce metamorphosis of queen conch larvae 
(Strombus gigas Linnaeus). Journal of Experimental Marine Biology and 
Ecology, 180, 83-102.  
Denis, V., Loubeyres, M., Doo, S. S., de Palmas, S., Keshavmurthy, S., Hsieh, H. J., & 
Chen, C. A. (2014). Can benthic algae mediate larval swimming behavior and 
settlement of the coral Acropora muricata? Coral Reefs. doi:10.1007/s00338-014-
1127-4 
Diaz-Pulido, G., Harii, S., McCook, L. J., & Hoegh-Guldberg, O. (2010). The impact of 
benthic algae on the settlement of a reef-building coral. Coral Reefs, 29(1), 203-
208. doi:10.1007/s00338-009-0573-x 
Dixson, D. L., Abrego, D., & Hay, M. E. (2014). Chemically mediated behavior of 
recruiting corals and fishes: a tipping point that may limit reef recovery. Science, 
345(6199), 892-897. doi:http://dx.doi.org/10.1126/science.1255057 
Done, T. J. (1992). Phase shifts in coral reef communities and their ecological 
significance. Hydrobiologia, 247, 121-132.  
Downie, R. A., Babcock, R. C., Thomson, D. P., & Vanderklift, M. A. (2013). Density of 
herbivorous fish and intensity of herbivory are influenced by proximity to coral 
reefs. Marine Ecology Progress Series, 482, 217-225. doi:10.3354/meps10250 
Dudgeon, S. R., Aronson, R. B., Bruno, J. F., & Precht, W. F. (2010). Phase shifts and 
stable states on coral reefs. Marine Ecology Progress Series, 413, 201-216. 
doi:http://dx.doi.org/10.3354/meps08751 
Duggins, D. O., Eckman, J. E., & Sewell, A. T. (1990). Ecology of understory kelp 
environments. II. Effects of kelps on recruitment of benthic invertebrates. Journal 
of Experimental Marine Biology and Ecology, 143(1–2), 27-45. 
doi:http://dx.doi.org/10.1016/0022-0981(90)90109-P 
Duysens, L. N. M. (1952). Thesis, The University of Utrecht, Utrecht, The Netherlands 
Edmunds, P., Gates, R., & Gleason, D. (2001). The biology of larvae from the reef coral 
Porites astreoides, and their response to temperature disturbances. Marine 
Biology, 139(5), 981-989. doi:10.1007/s002270100634 
Edmunds, P. J., & Carpenter, R. C. (2001). Recovery of Diadema antillarum reduces 
macroalgal cover and increases abundance of juvenile corals on a Caribbean reef. 
Proceedings of the National Academy of Sciences, 98(9), 5067-5071. 
doi:10.1073/pnas.071524598 
Fadlallah, Y. H. (1983). Sexual reproduction, development and larval biology in 
scleractinian corals. Coral Reefs, 2(3), 129-150. doi:10.1007/BF00336720 
69 
 
Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L., & 
Holling, C. S. (2004). Regime shifts, resilience, and biodiversity in ecosystem 
management. Annual Review of Ecology, Evolution, and Systematics, 35, 557-
581.  
Fong, C. R. (2015). An experimental assessment of herbivory and nutrient effects on a 
small-scale in a coral reef macroalgal community. Aquatic Botany, 123, 1-5. 
doi:http://dx.doi.org/10.1016/j.aquabot.2015.01.009 
Fong, P., Kamer, K., Boyer, K. E., & Boyle, K. A. (2001). Nutrient content of 
macroalgae with differing morphologies may indicate sources of nutrients for 
tropical marine systems. Marine Ecology Progress Series, 220, 137-152.  
Gardner, T. A., Cote, I. M., Gill, J. A., Grant, A., & Watkinson, A. R. (2003). Long-term 
region-wide declines in Caribbean corals. Science, 301(5635), 958-960.  
Gerhart, J. (1999). 1998 Warkany lecture: signaling pathways in development. 
Teratology, 60(4), 226-239.  
Gilmour, J. P., Smith, L. D., Heyward, A. J., Baird, A. H., & Pratchett, M. S. (2013). 
Recovery of an isolated coral reef system following severe disturbance. Science, 
340(6128), 69-71. doi:http://dx.doi.org/10.1126/science.1232310 
Gleason, D. F., Danilowicz, B. S., & Nolan, C. J. (2009). Reef waters stimulate 
substratum exploration in planulae from brooding Caribbean corals. Coral Reefs, 
28(2), 549-554. doi:10.1007/s00338-009-0480-1 
Gleason, D. F., Edmunds, P. J., & Gates, R. D. (2005). Ultraviolet radiation effects on the 
behavior and recruitment of larvae from the reef coral Porites astreoides. Marine 
Biology, 148(3), 503-512. doi:10.1007/s00227-005-0098-y 
Gleason, D. F., & Hofmann, D. K. (2011). Coral larvae: from gametes to recruits. 
Journal of Experimental Marine Biology and Ecology, 408(1-2), 42-57. 
doi:10.1016/j.jembe.2011.07.025 
Goldstein, J. S., & Butler, M. J. (2009). Behavioral enhancement of onshore transport by 
postlarval Caribbean spiny lobster (Panulirus argus). Limnology and 
Oceanography, 54(5), 1669-1678. doi:10.4319/lo.2009.54.5.1669 
Graham, N. A. J., Jennings, S., MacNeil, M. A., Mouillot, D., & Wilson, S. K. (2015). 
Predicting climate-driven regime shifts versus rebound potential in coral reefs. 
Nature, 518, 94-99. doi:10.1038/nature14140 
Green, D. H., Edmunds, P. J., & Carpenter, R. C. (2008). Increasing relative abundance 
of Porites astreoides on Caribbean reefs mediated by an overall decline in coral 
cover. Marine Ecology Progress Series, 359, 1-10.  
 
 
70 
 
Gregg, A. K., Hatay, M., Haas, A. F., Robinett, N. L., Barott, K., Vermeij, M. J. A., 
Marhaver, K. L., Meirelles, P., Thompson, F., & Rohwer, F. (2013). Biological 
oxygen demand optode analysis of coral reef-associated microbial communities 
exposed to algal exudates. PeerJ, 1, 1. doi:http://dx.doi.org/10.7717/peerj.107 
Gross, E. M. (2003). Allelopathy of aquatic autotrophs. Critical Reviews in Plant 
Sciences, 22(3-4), 313-339.  
Haas, A. F., Nelson, C. E., Rohwer, F., Wegley-Kelly, L., Quistad, S. D., Carlson, C. A., 
Leichter, J. J., Hatay, M., & Smith, J. E. (2013). Influence of coral and algal 
exudates on microbially mediated reef metabolism. PeerJ, 1, e108. 
doi:10.7717/peerj.108 
Hadfield, M. G. (2011). Biofilms and marine invertebrate larvae: what bacteria produce 
that larvae use to choose settlement sites. Annual Review of Marine Science, 3(1), 
453-470. doi:doi:10.1146/annurev-marine-120709-142753 
Halpern, B. S., Walbridge, S., Selkoe, K. A., Kappel, C. V., Micheli, F., D'Agrosa, C., 
Bruno, J. F., Casey, K. S., Ebert, C., Fox, H. E., Fujita, R., Heinemann, D., 
Lenihan, H. S., Madin, M. P., Perry, M. T., Selig, E. R., Spalding, M., Steneck, 
R., & Watson, R. (2008). A global map of human impact on marine ecosystems. 
Science, 319(5865), 948-952. doi:10.1126/science.1149345 
Harlin, M. M., & Rice, E. L. (1987). Allelochemistry in marine macroalgae. Critical 
Reviews in Plant Sciences, 5(3), 237-249. doi:10.1080/07352688709382241 
Harrington, L., Fabricius, K., De'ath, G., & Negri, A. (2004). Recognition and selection 
of settlement substrata determine post-settlement survival in corals. Ecology, 
85(12), 3428-3437. doi:10.1890/04-0298 
Hay, M. E., Colburn, T., & Downing, D. (1983). Spatial and temporal patterns in 
herbivory on a Caribbean fringing reef: the effects on plant distribution. 
Oecologia, 58(3), 299-308.  
Hay, M. E., Duffy, J. E., Fenical, W., & Gustafson, K. (1988). Chemical defense in the 
seaweed Dictyopteris delicatula: different effects against reef fishes and 
amphipods. Marine Ecology Progress Series, 48(2), 185-192. 
doi:10.3354/meps048185 
Herren, L. W., Walters, L. J., & Beach, K. S. (2013). Fragment production and 
recruitment ecology of the red alga Laurencia poiteaui in Florida Bay, USA. 
Journal of Experimental Marine Biology and Ecology, 440, 192-199. 
doi:10.1016/j.jembe.2013.01.001 
Hernkind, W. F., & Butler, M. I. (1986). Factors regulating postlarval settlement and 
juvenile microhabitat use by spiny lobsters Panulirus argus. Marine ecology 
progress series, 34(1/2), 23-30.  
 
71 
 
Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, 
E., Harvell, C. D., Sale, P. F., Edwards, A. J., Caldeira, K., Knowlton, N., Eakin, 
C. M., Iglesias-Prieto, R., Muthiga, N., Bradbury, R. H., Dubi, A., & Hatziolos, 
M. E. (2007). Coral reefs under rapid climate change and ocean acidification. 
Science, 318(5857), 1737-1742. doi:10.1126/science.1152509 
Hughes, T. P. (1994). Catastrophes, phase shifts, and large-scale degradation of a 
Caribbean coral reef. Science, 265(5178), 1547-1551. doi:10.2307/2884556 
Hughes, T. P., Graham, N. A., Jackson, J. B., Mumby, P. J., & Steneck, R. S. (2010). 
Rising to the challenge of sustaining coral reef resilience. Trends in Ecology and 
Evolution, 25(11), 633-642. doi:10.1016/j.tree.2010.07.011 
Hunte, W., & Wittenberg, M. (1992). Effects of eutrophication and sedimentation on 
juvenile corals. Marine Biology, 114(4), 625-631. doi:10.1007/BF00357259 
Johnson, C. R., & Sutton, D. C. (1994). Bacteria on the surface of crustose coralline algae 
induce metamorphosis of the crown-of-thorns starfish Acanthaster planci. Marine 
Biology, 120(2), 305-310. doi:10.1007/bf00349692 
Johnson, J. E. a. M., P.A. (2007). Climate change and the Great Barrier Reef. Great 
Barrier Reef Marine Park Authority and Australian Greenhouse Office, Australia.  
Jompa, J., & McCook, L. (2003). Coral-algal competition: macroalgae with different 
properties have different effects on corals. Marine Ecology-Progress Series, 258, 
87-95.  
Karban, R., Agrawal, A. A., & Mangel, M. (1997). The benefits of induced defenses 
against herbivores. Ecology, 78(5), 1351-1355. doi:10.1890/0012-
9658(1997)078[1351:TBOIDA]2.0.CO;2 
Kilar, J. A., & McLachlan, J. (1986). Ecological studies of the alga, Acanthophora 
spicifera (Vahl) Børg. (Ceramiales: Rhodophyta): Vegetative fragmentation. 
Journal of Experimental Marine Biology and Ecology, 104(1), 1-21. 
doi:http://dx.doi.org/10.1016/0022-0981(86)90094-8 
Kitamura, M., Koyama, T., Nakano, Y., & Uemura, D. (2007). Characterization of a 
natural inducer of coral larval metamorphosis. Journal of Experimental Marine 
Biology and Ecology, 340(1), 96-102. doi:10.1016/j.jembe.2006.08.012 
Kitamura, M., Schupp, P. J., Nakano, Y., & Uemura, D. (2009). Luminaolide, a novel 
metamorphosis-enhancing macrodiolide for scleractinian coral larvae from 
crustose coralline algae. Tetrahedron Letters, 50(47), 6606-6609. 
doi:http://dx.doi.org/10.1016/j.tetlet.2009.09.065 
Krediet, C. J., Ritchie, K. B., Paul, V. J., & Teplitski, M. (2013). Coral-associated micro-
organisms and their roles in promoting coral health and thwarting diseases. The 
Proceedings of the Royal Society Biological Science, 280(1755), 20122328. 
doi:http://dx.doi.org/10.1098/rspb.2012.2328 
72 
 
Kuffner, I. B., & Paul, V. J. (2004). Effects of the benthic cyanobacterium Lyngbya 
majuscula on larval recruitment of the reef corals Acropora surculosa and 
Pocillopora damicornis. Coral Reefs, 23(3), 455-458. doi:10.1007/s00338-004-
0416-8 
Kuffner, I. B., Walters, L. J., Becerro, M. A., Paul, V. J., Ritson-Williams, R., & Beach, 
K. S. (2006). Inhibition of coral recruitment by macroalgae and cyanobacteria. 
Marine Ecology Progress Series, 323, 107-117. doi:10.3354/meps323107 
Lapointe, B. E. (1997). Nutrient thresholds for bottom-up control of macroalgal blooms 
and coral reefs. Limnol. Oceanogr, 44, 1586-1592.  
Lapointe, B. E., Barile, P. J., Littler, M. M., & Littler, D. S. (2005). Macroalgal blooms 
on Southeast Florida coral reefs: II. Cross-shelf discrimination of nitrogen sources 
indicates widespread assimilation of sewage nitrogen. Harmful Algae, 4(6), 1106-
1122. doi:http://dx.doi.org/10.1016/j.hal.2005.06.002 
Lapointe, B. E., Barile, P. J., Yentsch, C. S., Littler, M. M., Littler, D. S., & Kakuk, B. 
(2004). The relative importance of nutrient enrichment and herbivory on 
macroalgal communities near Norman’s Pond Cay, Exumas Cays, Bahamas: a 
“natural” enrichment experiment. Journal of Experimental Marine Biology and 
Ecology, 298(2), 275-301. doi:10.1016/s0022-0981(03)00363-0 
Lapointe, B. E., Littler, M. M., & Littler, D. S. (1992). Nutrient availability to marine 
macroalgae in siliciclastic versus carbonate-rich coastal waters. Estuaries, 15(1), 
75. doi:10.2307/1352712 
Lee, W. J., & Bae, K. S. (2002). Phylogenetic relationship among several genera of 
Dictyotaceae (Dictyotales, Phaeophyceae) based on 18S rRNA and partial rbcL 
gene sequences. Marine Biology, 140(6), 1107-1115. doi:10.1007/s00227-002-
0799-4 
Lessios, H. A., Cubit, J. D., Robertson, D. R., Shulman, M. J., Parker, M. R., Garrity, S. 
D., & Levings, S. C. (1984). Mass mortality of Diadema antillarum on the 
Caribbean coast of Panama. Coral Reefs, 3(4), 173-182. doi:10.1007/bf00288252 
Lirman, D. (2001). Competition between macroalgae and corals: effects of herbivore 
exclusion and increased algal biomass on coral survivorship and growth. Coral 
Reefs, 19(4), 392-399. doi:10.1007/s003380000125 
Lirman, D., & Biber, P. (2000). Seasonal dynamics of macroalgal communities of the 
Northern Florida reef tract. Botanica Marina (Vol. 43, pp. 305). 
Littler, M. M., Littler, D. S., & Brooks, B. L. (2006). Harmful algae on tropical coral 
reefs: bottom-up eutrophication and top-down herbivory. Harmful Algae, 5(5), 
565-585. doi:http://dx.doi.org/10.1016/j.hal.2005.11.003 
Maliao, R. J., Turingan, R. G., & Lin, J. (2008). Phase-shift in coral reef communities in 
the Florida Keys National Marine Sanctuary (FKNMS), USA. Marine Biology, 
154(5), 841-853. doi:http://dx.doi.org/10.1007/s00227-008-0977-0 
73 
 
Mason, B., Beard, M., & Miller, M. W. (2011). Coral larvae settle at a higher frequency 
on red surfaces. Coral Reefs, 30(3), 667-676. doi:10.1007/s00338-011-0739-1 
McClanahan, T. R., Sala, E., Stickels, P. A., Cokos, B. A., Baker, A. C., Starger, C. J., & 
Jones, S. H. (2003). Interaction between nutrients and herbivory in controlling 
algal communities and coral condition on Glover’s Reef, Belize. Marine Ecology 
Progress Series, 261, 135-147. doi:10.3354/meps261135 
McCook, L., Jompa, J., & Diaz-Pulido, G. (2001). Competition between corals and algae 
on coral reefs: a review of evidence and mechanisms. Coral Reefs, 19(4), 400-
417. doi:10.1007/s003380000129 
McCook, L. J. (1999). Macroalgae, nutrients and phase shifts on coral reefs: scientific 
issues and management consequences for the Great Barrier Reef. Coral Reefs, 
18(4), 357-367. doi:10.1007/s003380050213 
McGuire, M. P. (1998). Timing of larval release by Porites astreoides in the Northern 
Floirda Keys. Coral Reefs, 17, 369-375.  
McWilliams, J. P., Cote, I. M., Gill, J. A., Sutherland, W. J., & Watkinson, A. R. (2005). 
Accelerating impacts of temperature-induced coral bleaching in the Caribbean. 
Ecology, 86(8), 2055-2060. doi:10.1890/04-1657 
Mia, O. H., Kenneth, R. N. A., & Sean, R. C. (2006). Energetic cost of photoinhibition in 
corals. Marine Ecology Progress Series, 313, 1-12.  
Mianmanus, R. T. (1988). Induction of settlement and metamorphosis in larvae of 
Aplysia brasiliana and Strombus gigas (Mollusca: Gastropoda). Ph.D. 
dissertation. University of Miami.  
Moberg, F., & Folke, C. (1999). Ecological goods and services of coral reef ecosystems. 
Ecological Economics, 29(2), 215-233. doi:http://dx.doi.org/10.1016/S0921-
8009(99)00009-9 
Mohamed, Z. A. (2002). Allelopathic activity of Spirogyra sp.: stimulating bloom 
formation and toxin production by Oscillatoria agardhii in some irrigation canals, 
Egypt. Journal of Plankton Research, 24(2), 137-141. 
doi:10.1093/plankt/24.2.137 
Morrow, K. M., Paul, V. J., Liles, M. R., & Chadwick, N. E. (2011). Allelochemicals 
produced by Caribbean macroalgae and cyanobacteria have species-specific 
effects on reef coral microorganisms. Coral Reefs, 30(2), 309-320. 
doi:10.1007/s00338-011-0747-1 
Morrow, K. M., Ritson-Williams, R., Ross, C., Liles, M. R., & Paul, V. J. (2012). 
Macroalgal extracts induce bacterial assemblage shifts and sublethal tissue stress 
in Caribbean corals. PLoS ONE, 7(9), e44859. doi:10.1371/journal.pone.0044859 
 
74 
 
Morse, A. N. C., & Morse, D. E. (1984). Recruitment and metamorphosis of Haliotis 
larvae induced by molecules uniquely available at the surfaces of crustose red 
algae. Journal of Experimental Marine Biology and Ecology, 75(3), 191-215. 
doi:http://dx.doi.org/10.1016/0022-0981(84)90166-7 
Morse, A. N. C., & Morse D. E., (1996). Flypapers for coral and other planktonic larvae. 
BioScience, 46(4), 254-262.  
Morse, D. E., Hooker, N., Duncan, H., & Jensen, L. (1979). γ-Aminobutyric acid, a 
neurotransmitter, induces planktonic abalone larvae to settle and begin 
metamorphosis. Science, 204(4391), 407-410.  
Morse, D. E., Hooker, N., Morse, A. N. C., & Jensen, R. A. (1988). Control of larval 
metamorphosis and recruitment in sympatric agariciid corals. Journal of 
Experimental Marine Biology and Ecology, 116(3), 193-217. 
doi:http://dx.doi.org/10.1016/0022-0981(88)90027-5 
Morse, D. E., & Morse, A. N. C. (1991). Enzymatic characterization of the morphogen 
recognized by Agaricia humilis (scleractinian coral) larvae. The Biological 
Bulletin, 181(1), 104-122. doi:10.2307/1542493 
Moyer, R. P., Riegl, B., Banks, K., & Dodge, R. E. (2003). Spatial patterns and ecology 
of benthic communities on a high-latitude South Florida (Broward County, USA) 
reef system. Coral Reefs, 22(4), 447-464. doi:10.1007/s00338-003-0334-1 
Mumby, P. J., Harborne, A. R., Williams, J., Kappel, C. V., Brumbaugh, D. R., Micheli, 
F., Holmes, K. E., Dahlgren, C. P., Paris, C. B., & Blackwell, P. G. (2007). 
Trophic cascade facilitates coral recruitment in a marine reserve. Proceedings of 
The National Academy of Science of the United States of America, 104(20), 8362-
8367. doi:10.1073/pnas.0702602104 
Mumby, P. J., & Steneck, R. S. (2008). Coral reef management and conservation in light 
of rapidly evolving ecological paradigms. Trends in Ecology & Evolution, 23(10), 
555-563. doi:http://dx.doi.org/10.1016/j.tree.2008.06.011 
Mundy, C. N., & Babcock, R. C. (1998). Role of light intensity and spectral quality in 
coral settlement: Implications for depth-dependent settlement? Journal of 
Experimental Marine Biology and Ecology, 223(2), 235-255. 
doi:http://dx.doi.org/10.1016/S0022-0981(97)00167-6 
Myhre, S. & Acevedo-Gutierrez, A. (2007). Recovery of sea urchin Diadema antillarum 
populations is correlated to increased coral and reduced macroalgal cover. Marine 
Ecology Progress Series, 329, 205-210.  
Negri, A. P., Webster, N. S., Hill, R. T., & Heyward, A. J. (2001). Metamorphosis of 
broadcast spawning corals in response to bacteria isolated from crustose algae. 
Marine Ecology Progress Series, 223, 121-131. doi:10.3354/meps223121 
 
75 
 
Norström, A. V., Nystrom, M., Lokrantz, J., & Folke, C. (2009). Alternative states on 
coral reefs: beyond coral-macroalgal phase shifts. Marine Ecology-Progress 
Series, 376, 295-306.  
Nugues, M. M., & Roberts, C. M. (2003). Coral mortality and interaction with algae in 
relation to sedimentation. Coral Reefs, 22(4), 507-516. 
doi:http://dx.doi.org/10.1007/s00338-003-0338-x 
Nugues, M. M., & Szmant, A. M. (2006). Coral settlement onto Halimeda opuntia: a fatal 
attraction to an ephemeral substrate? Coral Reefs, 25(4), 585-591. 
doi:10.1007/s00338-006-0147-0 
Olsen, K., Paul, V. J., & Ross, C. (2015). Direct effects of elevated temperature, reduced 
pH, and the presence of macroalgae (Dictyota spp.) on larvae of the Caribbean 
coral Porites astreoides. Bulletin of Marine Science, 91(2), 255-270. 
doi:10.5343/bms.2014.1050 
Olsen, K., Sneed, J. M., & Paul, V. J. (2016). Differential larval settlement responses of 
Porites astreoides and Acropora palmata in the presence of the green alga 
Halimeda opuntia. Coral Reefs, 35(2), 521-525.  
Paul, V. J., Kuffner, I. B., Walters, L. J., Ritson-Williams, R., Beach, K. S., & Becerro, 
M. A. (2011). Chemically mediated interactions between macroalgae Dictyota 
spp. and multiple life-history stages of the coral Porites astreoides. Marine 
Ecology Progress Series, 426, 161-170. doi:10.3354/meps09032 
Paul, V. J., Thacker, R. W., Banks, K., & Golubic, S. (2005). Benthic cyanobacterial 
bloom impacts the reefs of South Florida (Broward County, USA). Coral Reefs, 
24(4), 693-697. doi:10.1007/s00338-005-0061-x 
Pearce, C. M., & Scheibling, R. E. (1990). Induction of metamorphosis of larvae of the 
green sea urchin, Strongylocentrotus droebachiensis, by coralline red algae. The 
Biological Bulletin, 179(3), 304-311.  
Pearce, C. M., & Scheibling, R. E. (1994). Induction of metamorphosis of larval 
echinoids (Strongylocentrotus droebachiensis and Echinarachnius parma) by 
potassium chloride (KCI). Invertebrate Reproduction & Development, 26(3), 213-
220. doi:10.1080/07924259.1994.9672420 
Porter, J. W., & Meier, O. W. (1992). Quantification of loss and change in Floridian reef 
coral populations. American Zoologist, 32(6), 625-640.  
Price, N. (2010). Habitat selection, facilitation, and biotic settlement cues affect 
distribution and performance of coral recruits in French Polynesia. Oecologia, 
163(3), 747-758. doi:10.1007/s00442-010-1578-4 
Raimondi, P. T., & Morse, A. N. C. (2000). The consequences of complex larval 
swimming behavior in a coral. Ecology, 81(11), 3193-3211. doi:10.1890/0012-
9658(2000)081[3193:TCOCLB]2.0.CO;2 
76 
 
Rasher, D. B., & Hay, M. E. (2010). Chemically rich seaweeds poison corals when not 
controlled by herbivores. Proceedings of the National Academy of Sciences, 
107(21), 9683-9688. doi:10.1073/pnas.0912095107 
Rasher, D. B., & Hay, M. E. (2014). Competition induces allelopathy but suppresses 
growth and anti-herbivore defence in a chemically rich seaweed. The proceedings 
of the royal society Biology (Vol. 281). 
Rasher, D. B., Stout, E. P., Engel, S., Kubanek, J., & Hay, M. E. (2011). Macroalgal 
terpenes function as allelopathic agents against reef corals. Proceedings of the 
National Academy of Sciences of the United States of America, 108(43), 17726-
17731. doi:10.2307/41352585 
Reuter, W., & Müller, C. (1993). New trends in photobiology. Journal of Photochemistry 
and Photobiology B: Biology, 21(1), 3-27. doi:http://dx.doi.org/10.1016/1011-
1344(93)80159-7 
Richmond, R. H. (1985). Reversible metamorphosis in coral planula larvae. Mar Ecol 
Prog Ser, 22(1), 181-185. 
Richmond, R. H. (1993). Coral reefs: present problems and future concerns resulting 
from anthropogenic disturbance. American Zoologist, 33(6), 524.  
Richmond, R. H., & Hunter, C. L. (1990). Reproduction and recruitment of corals: 
comparisons among the Caribbean, the Tropical Pacific, and the Red Sea. Marine 
ecology progress series, 60(1), 185-203.  
Ritchie, K. B. (2006). Regulation of microbial populations by coral surface mucus and 
mucus-associated bacteria. Marine Ecology Progress Series, 322, 1-14.  
Ritson-Williams, R., Arnold, S. N., Paul, V. J., & Steneck, R. S. (2014). Larval 
settlement preferences of Acropora palmata and Montastraea faveolata in 
response to diverse red algae. Coral Reefs, 33(1), 59-66. doi:10.1007/s00338-013-
1113-2 
Ritson-Williams, R., Paul, V. J., Arnold, S. N., & Steneck, R. S. (2009). Larval 
settlement preferences and post-settlement survival of the threatened Caribbean 
corals Acropora palmata and A. cervicornis. Coral Reefs, 29(1), 71-81. 
doi:10.1007/s00338-009-0555-z 
Ritson-Williams, R., Ross, C., & Paul, V. J. (2016). Elevated temperature and allelopathy 
impact coral recruitment. PLoS ONE, 11(12), e0166581. 
doi:10.1371/journal.pone.0166581 
River, G. F., & Edmunds, P. J. (2001). Mechanisms of interaction between macroalgae 
and scleractinians on a coral reef in Jamaica. Journal of Experimental Marine 
Biology and Ecology, 261(2), 159-172.  
 
77 
 
Rogers, A., Blanchard, J. L., & Mumby, P. J. (2014). Vulnerability of coral reef fisheries 
to a loss of structural complexity. Current Biology, 24(9), 1000-1005. 
doi:http://dx.doi.org/10.1016/j.cub.2014.03.026 
Rogers, C. S., & Miller, J. (2006). Permanent ‘phase shifts’ or reversible declines in coral 
cover? Lack of recovery of two coral reefs in St. John, US Virgin Islands. Marine 
Ecology Progress Series, 306, 103-114.  
Santelices, B. (2004). A comparison of ecological responses among aclonal (unitary), 
clonal and coalescing macroalgae. Journal of Experimental Marine Biology and 
Ecology, 300(1–2), 31-64. doi:http://dx.doi.org/10.1016/j.jembe.2003.12.017 
Scheffer, M., & Carpenter, S. R. (2003). Catastrophic regime shifts in ecosystems: 
linking theory to observation. Trends in Ecology & Evolution, 18(12), 648-656. 
doi:http://dx.doi.org/10.1016/j.tree.2003.09.002 
Schutte, V. G. W., Selig, E. R., & Bruno, J. F. (2010). Regional spatio-temporal trends in 
Caribbean coral reef benthic communities. Marine Ecology Progress Series, 402, 
115-122. doi:10.3354/meps08438 
Sebens, K. P., & Johnson, A. S. (1991). Effects of water movement on prey capture and 
distribution of reef corals. Hydrobiologia, 226(2), 91-101. 
doi:10.1007/bf00006810 
Segel, L. A., & Ducklow, H. W. (1982). A theoretical investigation into the influence of 
sublethal stresses on coral-bacterial ecosystem dynamics. Bulletin of Marine 
Science, 32(4), 919-935.  
Sharp, K. H., Sneed, J. M., Ritchie, K. B., Mcdaniel, L., & Paul, V. J. (2015). Induction 
of larval settlement in the reef coral Porites astreoides by a cultivated marine 
Roseobacter strain. The Biological Bulletin, 228(2), 98-107.  
Shearer, T. L., Rasher, D. B., Snell, T. W., & Hay, M. E. (2012). Gene expression 
patterns of the coral Acropora millepora in response to contact with macroalgae. 
Coral Reefs, 31(4), 1177-1192. doi:10.1007/s00338-012-0943-7 
Shearer, T. L., Snell, T. W., & Hay, M. E. (2014). Gene Expression of Corals in 
Response to Macroalgal Competitors. PLoS ONE, 9(12), 21. 
doi:10.1371/journal.pone.0114525 
Smith, J. E., Shaw, M., Edwards, R. A., Obura, D., Pantos, O., Sala, E., Sandin, S. A., 
Smriga, S., Hatay, M., & Rohwer, F. L. (2006). Indirect effects of algae on coral: 
algae‐mediated, microbe‐induced coral mortality. Ecology letters, 9(7), 835-845.  
Sneed, J. M., Harrison, S. J., Houk, L. J., & Paul, V. J. (2015). Macroalgae may interrupt 
important cues for coral larval settlement. Planta Medica, 81(11), IL22. 
doi:10.1055/s-0035-1556119 
 
78 
 
Sneed, J. M., Sharp, K. H., Ritchie, K. B., & Paul, V. J. (2014). The chemical cue 
tetrabromopyrrole from a biofilm bacterium induces settlement of multiple 
Caribbean corals. Proceedings of The Royal Society Biological Sciences, 
281(1786). doi:http://dx.doi.org/10.1098/rspb.2013.3086 
Steve, J. B., & Peter, J. M. (2007). Effect of macroalgal competition on growth and 
survival of juvenile Caribbean corals. Marine Ecology Progress Series, 342, 139-
149.  
Stimson, J., & Conklin, E. (2008). Potential reversal of a phase shift: the rapid decrease 
in the cover of the invasive green macroalga Dictyosphaeria cavernosa Forsskål 
on coral reefs in Kāne‘ohe Bay, Oahu, Hawai‘i. Coral Reefs, 27(4), 717-726. 
doi:10.1007/s00338-008-0409-0 
Stirk, W. A., Reinecke, D. L., & van Staden, J. (2007). Seasonal variation in antifungal, 
antibacterial and acetylcholinesterase activity in seven South African seaweeds. 
Journal of Applied Phycology, 19(3), 271-276. doi:10.1007/s10811-006-9134-7 
Strader, M. E., Davies, S. W., & Matz, M. V. (2015). Differential responses of coral 
larvae to the colour of ambient light guide them to suitable settlement 
microhabitat. Royal Society Open Science, 2(10).  
Sweet, M. J., Bythell, J. C., & Nugues, M. M. (2013). Algae as reservoirs for coral 
pathogens. e69717. PLoS ONE, 8(7). 
doi:http://dx.doi.org/10.1371/journal.pone.0069717 
Tanner, J. E. (1995). Competition between scleractinian macroalgae: An experimental 
corals and investigation of coral growth, survival and reproduction. Journal of 
Experimental Marine Biology and Ecology, 190, 151-168.  
Tebben, J., Tapiolas, D. M., Motti, C. A., Abrego, D., Negri, A. P., Blackall, L. L., 
Steinberg, P. D., & Harder, T. (2011). Induction of larval metamorphosis of the 
coral Acropora millepora by Tetrabromopyrrole isolated from a 
Pseudoalteromonas bacterium. PLoS ONE, 6(4), e19082. 
doi:10.1371/journal.pone.0019082 
Tran, C., & Hadfield, M. G. (2012). Are G-protein-coupled receptors involved in 
mediating larval settlement and metamorphosis of coral planulae? The Biological 
Bulletin, 222(2), 128-136.  
Tran, C., & Hadfield, M. G. (2013). Localization of sensory mechanisms utilized by coral 
planulae to detect settlement cues. Invertebrate Biology, 132(3), 195-206. 
doi:10.1111/ivb.12025 
Vandermeulen, J. H. (1975). Studies on reef corals. III. Fine structural changes of 
calicoblast cells in Pocillopora damicornis during settling and calcification. 
Marine Biology, 31(1), 69-77. doi:10.1007/bf00390649 
 
79 
 
Venera-Ponton, D. E., Diaz-Pulido, G., McCook, L. J., & Rangel-Campo, A. (2011). 
Macroalgae reduce growth of juvenile corals but protect them from parrotfish 
damage. Marine Ecology Progress Series, 421, 109-115.  
Vermeij, M. J., Fogarty, N. D., & Miller M. W. (2006). Pelagic conditions affect larval 
swimming behavior, survival, and settlement patterns in the Caribbean coral 
Montastraea faveolata. Marine Ecology Progress Series, 310, 119-128.  
Vermeij, M. J., Smith, J. E., Smith, C. M., Vega Thurber, R., & Sandin, S. A. (2009). 
Survival and settlement success of coral planulae: independent and synergistic 
effects of macroalgae and microbes. Oecologia, 159(2), 325-336. 
doi:10.1007/s00442-008-1223-7 
Vieira, C., Thomas, O. P., Culioli, G., Genta-Jouve, G., Houlbreque, F., Gaubert, J., 
Clerck, O. D., and Payri, C. E. (2016). Allelopathic interactions between the 
brown algal genus Lobophora (Dictyotales, Phaeophyceae) and scleractinian 
corals.  Scientific reports 6. doi:10.1038/srep18637 
Walters, L. J., Hadfield, M. G., & Smith, C. M. (1996). Waterborne chemical compounds 
in tropical macroalgae: positive and negative cues for larval settlement. Springer, 
126, 383-393.  
Webster, N. S., Smith, L. D., Heyward, A. J., Watts, J. E., Webb, R. I., Blackall, L. L., & 
Negri, A. P. (2004). Metamorphosis of a scleractinian coral in response to 
microbial biofilms. Applied Environmental Microbiology, 70(2), 1213-1221.  
Whalan, S., Abdul Wahab, M. A., Sprungala, S., Poole, A. J., & de Nys, R. (2015). 
Larval settlement: the role of surface topography for sessile coral reef 
invertebrates. PLoS ONE, 10(2), e0117675. doi:10.1371/journal.pone.0117675 
WoRMS Editorial Board (2016). World Register of Marine Species. Available from 
http://www.marinespecies.org at VLIZ. Accessed 2016-10-04. doi:10.14284/170   
Yniguez, A. T., McManus, J. W., Collado-Vides, L. (2010). Capturing the dynamics in 
benthic structures: environmental effects on morphology in the macroalgal genera 
Halimeda and Dictyota. Marine Ecology Progress Series, 411, 17-32. 
doi:10.3354/meps08643 
Yniguez, A. T., McManus, J. W., & Collado-Vides, L. (2015). Consequences of 
morphological plasticity and fragmentation on space occupation of coral reef 
macroalgae. Ecological Modelling, 309, 128-142. 
doi:10.1016/j.ecolmodel.2015.04.024 
Zardus, J. D., Nedved, B. T., Huang, Y., Tran, C., & Hadfield, M. G. (2008). Microbial 
biofilms facilitate adhesion in biofouling invertebrates. The Biological Bulletin, 
214(1), 91-98.  
